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1 Preface 
1.1 Introduction 
The transportation sector consumes 26% of global delivered energy (EIA, 2013) and emits 
22% of global CO2 emissions, 75% of them resulting from road transportation (IEA, 2012). 
In the future, the usage of fossil fuels must be reduced in order to ensure supply security as 
well as projected emission savings within the transportation sector. One way of achieving 
these targets is to substitute fossil fuels by biofuels (Dinh, Guo, & Mannan, 2009). Every 
type of fossil fuel can be substituted by different kinds of biofuels. In this context, biofuels 
can be classified into first- and second-generation biofuels (IEA, 2011). First-generation 
biofuels are produced mainly from biomass which can also be used within the food and 
fodder industry (e.g. corn or sugar cane). Additionally, first-generation biofuels have 
disadvantages such as poor engine compatibility, competition with food production and 
limited emission reduction potential. Second-generation biofuels are produced mainly from 
residual biomass (e.g. straw or residual wood) and are associated with very high 
investments and production costs (IEA, 2011). Today, investors have to decide whether 
and to what extent first- and/or second-generation biofuels should substitute fossil fuels in 
the future to find economically feasible/optimal investment strategies. Due to the high 
investment cost of biofuels, profit-oriented investors have to be supported by political 
regulation if the goal is to achieve market diffusion of biofuels. Thus, the goal of profit-
oriented investors is to maximize the net present value (NPV) of the biofuel supply chain. 
Biofuel supply chain planning problems can be classified as strategic planning problems 
with a long-term planning horizon. Long-term planning horizons often lead to high 
planning uncertainties. These planning uncertainties may result from uncertain market or 
political developments (Awudu & Zhang, 2012). Uncertainties influencing the market 
structure result from used biomass, production processes, and/or produced biofuel. 
Uncertainties influencing the used biomass are governed by biomass availability, yield, 
price, emissions, and area availability due to competing demand from e.g. different bio-
based industries, changing weather conditions, and fertilizers used. The production process 
is influenced by uncertain efficiency, investments/production costs, and emissions. This 
holds true especially for production processes of second-generation biofuels, which are still 
being developed. Thus, process efficiency as well as costs depend on the further 
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development of these technologies. The amount and quality of produced biofuel depend on 
uncertainties related to demand, blending restrictions, and selling price. The demand for 
biofuel depends on the overall demand for fuel, which may be reduced in the future due to 
increasing market diffusion of new drive-train concepts, such as battery electric vehicles. 
The permitted blending quotas for biofuel depend not only on technical compatibility with 
the car engine, but also on the acceptance of biofuel within the society. Finally, the fuel 
selling price depends on the uncertain development of the crude oil selling price. 
Furthermore, planning uncertainties arise from unstable political regulations influencing 
the economic feasibility of investment decisions concerning the (re)design of biofuel 
supply chains. Political regulations within the European biofuel sector have changed 
dramatically over the last years, leading to high planning uncertainty for potential investors 
in biofuel supply chains (Hombach & Walther, 2015). To give an example for the impact 
of these changes: in 2014, the second-generation biodiesel production plant of Vapo in 
Finland, in which 88.5 m€ had already been invested, was stopped due to high 
uncertainties regarding the further development of European biofuel regulations. The 
Board of Directors announced that “in this situation it is not possible to conclude long-term 
commitments, which would have created the financial preconditions for Vapo’s biodiesel 
project” (EBTP, 2015). Thus, in order to design long-term stable biofuel supply chains, 
uncertain development of the market structure and political regulations must be taken into 
account in the decision support system. 
A variety of potential investor groups (e.g. fossil fuel industry, automotive industry, or 
agricultural consortia) may invest in biofuel supply chains. These investors often face 
varying risk perceptions and different risk attitudes. In general, the risk attitude of a 
decision maker can be classified as anything between risk-neutral or risk-averse 
(Rockafellar & Royset, 2015). For an uncertain investment decision, the risk attitude of an 
investor influences the degree of robustness that the investment has to achieve. For 
instance, the degree of robustness of an investment made by a risk-averse decision maker 
will be higher than for a risk-neutral decision maker. The risk-averse investor tries to be 
prepared for all negative future developments, while the risk-neutral decision maker 
accepts that he might not be able to achieve his goal due to an unfavorable future 
development. Therefore, the positive or negative evaluation of an investment decision 
depends on the specific risk attitude of the decision maker. 
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Specific political targets regulating a switch from fossil to biofuels exist (e.g. European 
Directive 2009/28/EC). A switch from fossil fuels to biofuels simultaneously affects all 
three aspects of sustainability (economic, ecological and social) (for an overview see 
Awudu & Zhang, 2012; Cambero & Sowlati, 2014; Seay & Badurdeen, 2014). To ensure 
that the positive effects of substituting fossil fuels by biofuels (e.g. greenhouse gas (GHG) 
emission savings) are not overtaken by negative impacts of biofuel supply chains (e.g. 
competition with food production or land use change), political regulations must be 
established that guarantee the design of sustainable biofuel supply chains. Thus, political 
decision makers must consider economic, ecological, and social aspects simultaneously, 
known as the triple-bottom-line dimensions of sustainability (Elkington, 1994). With 
regard to ecological aspects, biofuels have lower GHG life cycle emissions than fossil fuels 
(IEA, 2011). By contrast, from an economic perspective the production of biofuels leads to 
higher costs due to higher process-specific costs and high investments in new production 
plants (IEA, 2011). Therefore, there is a trade-off between the economic and ecological 
impact of the biofuel sector. Additionally, biofuels may be produced from biomass that 
could be used for other purposes, such as food, fodder, or as bio-based materials in 
industry. There is thus a competition for land, which can lead to unintended land use 
change with negative social impacts e.g. on food prices (WWF, 2006). Consequently, the 
desired win-win-win effects of sustainability do not necessarily result (Seuring & Müller, 
2008). Therefore, the various trade-offs between triple-bottom-line dimensions have to be 
considered simultaneously to find political regulations that enable sustainable biofuel 
supply chains. 
Thus, two actors with conflicting objectives influence the biofuel supply chain planning 
problem, namely (I) the investor and (II) the politician. The goal of the investor is to 
maximize the economic performance of the biofuel supply chain and at the same time to 
fulfil the political regulations. The investor decides whether he is willing to invest in 
biofuel supply chains and about the characteristics of the implemented supply chain 
including all processes of the supply chain such as the used biomass, installed/used 
production technologies, produced biofuel, imported biomass/biofuel, and transportation. 
The goal of the political decision maker, on the other hand, is to design sustainable biofuel 
regulations. Biofuel regulations are considered sustainable if the ecological impact of the 
fuel sector is reduced, if it is possible to design economically feasible biofuel supply 
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chains, and if unintended social side effects are avoided. Thus, an interaction between the 
politician and investor exists and must be considered as shown in Figure 1. 
 
Figure 1 Interaction between the two actors (investor, politician) of the biofuel market 
In summary, the two actors face different planning problems: (I) the planning problem for 
the investor is to design margin-based biofuel supply chains taking into account political 
regulations. In doing so, the investor decides whether he is willing to invest in the first 
place. If willing to invest he must decide about the characteristics of the implemented 
supply chain including used biomass, installed/used production technologies, produced 
biofuel, imported biomass/biofuel, and transportation. Additionally, the investor must 
consider the uncertain development of the market structure as well as political regulations 
to make robust investment decisions. For the consideration of uncertainties within the 
investment decision, the investor's risk attitude must be considered. 
(II) The planning problem of the political decision maker is to design efficient and 
effective political regulations leading to sustainable biofuel supply chains. Thus, the 
politician must consider all three conflicting sustainability targets (economic, ecologic, and 
social). To ensure that the developed political regulations are stable and do not change over 
time, market uncertainties must be considered as well. Furthermore, to capture different 
risk-dependent investment strategies and to ensure that all investment strategies lead to 
sustainable biofuel supply chains, the different risk attitudes of potential investor groups 
must be considered when designing sustainable and robust biofuel regulations. 
In summary, to design robust and sustainable biofuel supply chains consideration has to be 
given to the triple-bottom-line dimensions of sustainability. In addition, it is crucial to 
consider planning uncertainties resulting from uncertain market developments and unstable 
political regulations. Finally, the specific intentions and risk attitudes of the various 
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decision makers influencing the performance of the planning problem must be respected. 
To design robust and sustainable biofuel supply chains, the two different planning 
problems of the investor and politician must be analyzed, along with the potential 
interaction between these two actors. 
The two planning problems for the investor and politician are modeled against this 
backdrop. For the investor, a profit-oriented decision support framework considering 
cultivation of biomass, production of biofuels, import of biofuels and biomass, as well as 
blending of fuels taking into account uncertainties and different risk attitudes is developed. 
For the politician, a multi-objective decision support framework taking into account the 
triple-bottom-line of sustainability as well as uncertainties and different risk attitudes is 
developed. The aim is to find robust investment decisions as well as sustainable and robust 
biofuel regulations to obtain information about the behavior of the biofuel sector and the 
interaction between the investor and the politician. Thus, the goal of this dissertation is to 
design two decision support frameworks, one for the investor and one for the politician, 
and to analyze the interaction between these two actors. 
The planning problems for the investor and politician will be answered stepwise. First, the 
planning problem for the investor is discussed, followed by the planning problem of the 
politician. For this purpose, the following five research questions will be answered in this 
dissertation. 
 Research question 1 (Investor/Deterministic): What is the optimal investment 
decision in biofuel supply chains incorporating European biofuel regulations and 
what sensitivities (market/regulation) influence the optimality of the investment 
decision as well as the sustainability performance? 
 Research question 2 (Investor/Uncertain): How can robust investment decisions 
for biofuel supply chains be identified in consideration of different investor groups 
and related risk attitudes assuming that future developments are unknown? 
 Research question 3 (Politician/Deterministic): How can efficient legal 
regulations for the biofuel market be designed taking into account economic and 
ecological criteria as well as unintended (social) side effects? 
 Research question 4 (Politician/Uncertain): How can robust and efficient legal 
regulations for the biofuel market be identified taking into account economic, 
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ecological, and social criteria as well as market uncertainties and different risk 
attitudes? 
 Research question 5 (Investor/Politician): What is the interaction between the 
two actors of the biofuel sector (investor, politician) and how can robust and 
sustainable biofuel supply chains be designed? 
The structure of the dissertation is shown in Figure 2. First, the planning problem of 
designing a biofuel supply chain (section 1.2.1) and the European biofuel regulations 
(section 1.2.2) are presented. According to the derived model requirements (section 1.2.3), 
a literature review for biofuel supply chains is performed, and the academic void is 
deduced in section 1.3. Within the cumulative part of the dissertation (section 2) the first 
four research questions will be answered. First, the questions related to the investor are 
discussed, followed by the questions related to the politician. In section 2.1, the optimal 
investment decision for biofuel supply chains regarding European biofuel regulations 
analyzing the sensitivity of planning parameters on the optimality of the investment 
decision and the sustainability performance is shown. In section 2.2, a robust investment 
decision for biofuel supply chains taking into consideration different risk attitudes and 
uncertain political regulations is given. In section 2.3, efficient legal regulation of the 
biofuel market considering economic and ecological criteria as well as unintended (social) 
side effects is discussed. In section 2.4, this discussion is extended by regrading robust and 
efficient legal regulation for the biofuel market taking into account uncertain future 
developments and different risk attitudes of investors. Within section 3, the results 
obtained in section 2 are discussed and the last research question is answered explaining 
the interaction between the two actors (investor, politician) of the biofuel sector. The 
dissertation closes with a conclusion and aspects of future work in section 4. 
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Figure 2 Structure of the dissertation 
1.2 Planning problem 
In this section, the planning problem is characterized (section 1.2.1), followed by an 
overview of political regulations of the European biofuel sector (section 1.2.2). Finally, 
requirements for the planning problem are derived (section 1.2.3). 
1.2.1 Biofuel production system 
The production system of the biofuel sector as explained in Hombach & Walther (2015) 
(Figure 3) consists of three phases: (I) cultivation of biomass, (II) conversion of biomass 
into biofuels and (III) blending of biofuels and fossil fuels into final fuel blends which are 
then sold on the market. 
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Figure 3 Structure of the (bio)fuel sector 
In the first step, cultivation of biomass takes place. Several kinds of biomass may be used 
for biofuel production (IEA, 2011). These biomasses include, for example, energy crops, 
palm oil or sugar cane, as shown in Table 1. The types of biomass differ with regard to 
energy density, prices, availability, region of cultivation, and emissions during cultivation. 
The polluted emissions also depend on the type of land used for the cultivation, and on 
transportation distances between cultivation and fuel production. The capacity of the 
different types of agricultural land is limited. If biomass for biofuels is cultivated on land 
that was not used for the cultivation of energy crops until then, land use change applies 
(SWD(2012) 343). A distinction is made between direct and indirect land use change. 
Direct land use change applies, for example, when non-agricultural land is transformed 
into agricultural land for the production of energy crops. Indirect land use change applies 
when the usage of existing agricultural land is changed, i.e. different plants are grown. 
Emissions have to be taken into account for land use change depending on the climate, soil 
type, land cover, and land management (2010/335/EU). If biomass is imported from other 
countries, emissions of biomass cultivation and land use change arising in the supplying 
countries must also be taken into account. 
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Table 1 Characteristics of selected biomasses for biofuel production (2009/28/EC; FNR, 2015) 
Biomass Yield (t/ha) Biofuel yield (l/ha) Biomass per biofuel (kg/l) GHG emissions (gCO2eq/MJ) 
Energy crop 15 – 20 4,030 3.7 6 
Straw 7 1,320 5.3 3 
Rapeseed oil 3.9 1,775 2.2 29 
Palm oil 20 4,440 4.5 14 
Soybean oil 2.9 644 4.5 19 
Corn 9.9 3,960 2.5 20 
Wheat 7.7 2,926 2.6 12 
Sugar cane 73 6,424 11.4 14 
 
In a second step, biomass is transformed into biofuel using fuel-specific production 
technologies. In this context, biofuels can be classified into first- and second-generation 
biofuels (IEA, 2011). Whereas first-generation biofuels are produced mainly from raw 
materials which can also be used in the food and fodder industry, such as corn or sugar 
cane, second-generation biofuels are produced mainly from residual materials, such as 
straw or leftover wood. The fuel-specific production technologies differ with regard to 
permitted biomass, processes, degree of centralization, economies of scale, production 
capacities, conversion efficiencies, resulting by-products, investments and production costs 
(see Table 2). The polluted emissions during the production of biofuels vary depending on 
the biomass and production technology used. Decentralized plant concepts convert 
biomass into an intermediate product in the proximity of biomass cultivation. Afterwards, 
this intermediate product is transported to a centralized synthesis facility (Trippe et al., 
2013). By contrast, in centralized plant concepts, all production steps are carried out within 
one production facility (Blades, Rudloff, & Schulze, 2005). Currently, there already exist 
plants for the production of fossil fuels and first-generation biofuels, whereas so far only 
pilot plants exist for second-generation biofuels (SWD(2012) 343). Biofuels and fossil 
fuels can also be imported from other countries, and costs, emissions as well as land use 
change have to be regarded for these fuels as well. 
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Table 2 Biofuel production pathway (Schatka, 2011); HVO: Hydrotreated Vegetable Oil; BtL: Biomass-to-Liquid 
 
In a third step, the final blending of fuels takes place. Each type of fossil fuel can be 
substituted by different kinds of biofuels (see Table 3). The final blend depends on total 
demand for fuel blends, legal requirements regarding certain biofuel quotas and GHG 
reduction goals, technical blending restrictions, and production costs. The final fuel blend 
may be pure in quality or may be blended from different kinds of fossil fuels and biofuels. 
Blending of first-generation biofuels is limited (2009/30/EC) due to restricted 
compatibility with car engines. Blending of second-generation biofuels is not limited, since 
synthetic biofuels have the same quality as fossil fuels (or even better). The specific energy 
contents of fuels also have to be considered in the blending process. The total life cycle 
emissions of the sold fuel blend correspond to the average emissions of all biofuels and 
fossil fuels included in the blend (2009/28/EC). 
Table 3 Characteristics of different fuel substitutes (2009/28/EC; FNR, 2015); HVO: Hydrotreated Vegetable Oil; BtL: 
Biomass-to-Liquid 
Fuel Substitute Production cost (€/GJ) 
GHG emissions 
(gCO2eq/MJ) 
Max. technical 
blending quota (%) 
Diesel 
Biodiesel (rapeseed oil) 24 46 7% 
Biodiesel (palm oil) 19 32-54 7% 
Biodiesel (soybean oil) 22 50 7% 
BtL-Diesel 31 1-4 100% 
HVO (rapeseed oil) 23 41 30% 
Gasoline 
Bioethanol (wheat) 26 57 5% 
Bioethanol (sugar cane) 116 24 5% 
BtL-Gasoline 31 1-4 100% 
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As mentioned above, legal requirements are necessary to foster the installation of biofuel 
supply chains, since biofuels have economic disadvantages such as higher investment and 
production costs compared to fossil fuels. Therefore, the decisions on whether and how to 
invest in biofuel supply chains depend strongly on the future development of legal 
regulations. However, it is currently still unclear which interest group(s) will invest. The 
petroleum industry, the automotive industry, as well as agricultural consortia have a 
fundamental interest in the production and distribution of second-generation biofuel. 
However, these interest groups are faced with specific legal and financial conditions and 
thus have different risk attitudes towards high investment costs for production 
technologies. Against this backdrop, below we analyze the development of the European 
Union regulation over time. 
1.2.2 Political regulations of the fuel sector 
The goal of the European Union is to design long-term stable (robust) and sustainable 
biofuel regulations. Biofuels are considered sustainable if total GHG emissions of the fuel 
sector are reduced (ecological), if it is possible to design economically feasible biofuel 
supply chains (economic), and if unintended social side effects such as land use change are 
avoided (social). As can be seen in Figure 4, legal regulations can be implemented at all 
life cycle phases of the fuel, i.e. biomass cultivation, biofuel production, biofuel 
distribution or total biofuel life cycle. 
Preface 
 
12 
 
 
Figure 4 Potential legal regulations along the biofuels’ life cycle (Hombach & Walther, 2015) 
As is clearly shown, political instruments can be grouped into three different types of 
measures: (I) regulatory measures (e.g. market share quotas, emission thresholds) 
providing specific minimum or maximum thresholds that have to be fulfilled by the market 
players, (II) market-based measures (e.g. taxes, subsidies) providing financial incentives 
for favorable technologies or products (or a financial burden for undesirable products), and 
(III) suasive measures (e.g. information, promotions) aiming at a voluntary change in the 
behavior of the market players. Legal regulations can contain any one of these political 
instruments (e.g. tax exemption for biofuels), but may also combine a set of different 
political instruments (e.g. biofuel tax exemptions together with subsidies for the 
construction of new biofuel production plants and emission thresholds). An overview of 
political instruments for the (bio)fuel market applied in different countries around the 
world, classified regarding the three fuel life cycle (biomass cultivation, biofuel 
production, fuel blending, or total life cycle) and phases and types of measurement 
(regulatory, market-based, or suasive measures), is shown in Figure 4.  
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Figure 5 illustrates the regulative measures implemented in the European Union since 
1997. The first biofuel regulation was introduced in 2003 (2003/30/EC) and stipulated a 
minimal biofuel market share quota of 5.75% by 2010. The regulation boosted the 
development of first-generation biofuel supply chains. This resulted in unintended side 
effects and negative discussions in society and media: (I) the competition between first-
generation biofuels and the food/fodder industry caused unintended social side effects such 
as rising food prices and food insecurity (food vs. fuel debate); (II) a loss of biodiversity 
occurred due to direct land use change; (III) it was realized that the GHG reduction 
potential of first-generation biofuels was not as high as anticipated. To overcome these 
three negative aspects the European Union launched two new biofuel regulations in 2009 
(2003/30/EC; 2009/30/EC). These regulations stipulated that the biofuel used to fulfill the 
biofuel market share quota has to save a specific minimum amount of GHG emissions 
compared to fossil fuels. Additionally, second-generation biofuels were given preference 
over first-generation biofuels by weighting them higher than first-generation biofuels to 
reduce the competition between the biofuel and food/fodder industry. Finally, to punish 
direct land use change, related emissions have to be integrated into the calculation of life 
cycle emissions of biofuels. However, these changes of the biofuel regulation were not 
able to fully overcome the three negative aspects and mainly first-generation biofuels are 
being produced. Furthermore, indirect land use change was also found to lead to 
unintended social side effects. Therefore, two additional modifications of the 2009 
regulation were implemented in 2012 (2012/0288; COM(2012) 595), including a request 
for a minimal second-generation and maximal first-generation biofuel market share quota, 
as well as consideration of indirect land use change emissions. Until now it remains 
unclear whether it is possible to overcome the negative aspects with these new biofuel 
regulations, since the impact of the additional political instruments on the market 
development has not been studied yet. 
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Figure 5 Historical development of the European biofuel regulations (2003/30/EC; 2009/28/EC; 2009/30/EC; 
2012/0288; COM(2000) 769; COM(2001) 264; COM(2001) 547; COM(2012) 595; COM(97) 599; Hombach & Walther, 
2015); dLUC: direct land use change; iLUC: indirect land use change 
In the following, the six political instruments (I) total market share of biofuels, (II) second-
generation biofuel weights, (III) emission savings compared to fossil fuels, (IV) land use 
change, (V) maximal market share of first-generation biofuels, and (VI) minimal market 
share of second-generation biofuels shown in Figure 5 are described: 
(I) Total market share of biofuels: In 1997, the European Union set a target share 
for biofuels used in the transportation sector to 10% by 2010. This target has 
been revised five times since then. The last revision was published in 2012 and 
stipulated a target of 6% biofuel share to be reached by 2020. 
(II) Second-generation biofuel weights: Due to the food vs. fuel debate related 
with the production of first-generation biofuels, in 2009 the European Union 
began promoting the production of second-generation biofuels. To make the 
production of second-generation biofuels more attractive to producers, multiple 
weighting for second-generation biofuels was introduced in 2009. Thus, 
blending of second-generation biofuels is weighted two to four times more 
strongly than blending of first-generation biofuels for the calculation of the total 
biofuel share in the final fuel market mix. The weights depend on the type of 
feedstock used in the production of the biofuel. 
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(III) Emission savings compared with fossil fuels: Small emission savings of first-
generation biofuels compared to fossil fuels led to the introduction of minimal 
emission saving targets. Since 2009, emissions saving targets are intended to 
ensure the effectiveness of biofuel blending in reducing transportation-related 
GHG emissions. The GHG emission savings of biofuels must be higher than a 
specific emission quota generated by the use of reference fossil fuels. In the 
most recent version of the biofuel regulation (2012) the GHG savings constraint 
stipulated savings of at least 35% by 2017 and 60% by 2018 compared with a 
pure fossil fuel blends. 
(IV) Land use change: The social impacts of land use change became a global topic 
of discussion, questioning the sustainability of biofuels from biomass. In 2009, 
the European Union included GHG emissions resulting from direct land use 
change into the life cycle GHG emissions of biofuels. In addition, a bonus for 
the usage of fallow land was established to allow an increased cultivation of 
biomass on fallow land. In 2012, this bonus was withdrawn and GHG emissions 
from indirect land use change were added to the GHG life cycle emissions of 
biofuels. Thus, land use change is implicitly considered within the European 
biofuel regulations. However, there is no explicit requirement to limit land use 
change. 
(V) Maximal market share of first-generation biofuels: Due to the negative 
impact of first-generation biofuels (low emission savings, competition with 
food/fodder market, land use change) this instrument was introduced in 2012 to 
decrease the market share of first-generation biofuels and to promote the 
production of second-generation biofuels. In its first release, the maximal 
market share target for first-generation biofuels was set to 5% by 2020. Later 
that year, the target was raised to 5.5% by 2020. 
(VI) Minimal market share of second-generation biofuels: Due to the positive 
impact of second-generation biofuels compared to first-generation biofuels 
(high emission savings, no competition with food market, less land use change), 
a minimal market share quota for the promotion of second-generation biofuels 
was introduced and set to 2% by 2020 in the 2012 regulation. 
As illustrated above, a wide range of legal regulations for the biofuel market has been 
implemented over the years. However, these regulations have led to unintended side effects 
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and non-efficient results resulting in continuous changes of the regulatory framework, 
which in turns means a lack of planning reliability for potential investors. Therefore, there 
is a need for long-term stable political regulations that are efficient and avoid unintended 
side effects. 
Thus, the goal is to develop two different decision support frameworks taking into account 
the specific needs of the two actors of the biofuel sector (investor and politician), for the 
design of robust investment decisions and sustainable biofuel regulations in consideration 
of varying risk attitudes. 
1.2.3 Requirements 
Based on the analysis of the biofuel supply chain and the European biofuel regulations, the 
following requirements can be derived: 
 The biofuel supply chain has to be regarded based on the network structure as 
shown in Figure 3. Thus, potential material flows as well as varying technologies 
and capacities have to be taken into account. On the input side, availability of 
biomass (cultivation area and biomass import capacities) must be considered. On 
the demand side, information about the demand for fuel is essential.  
 Optimal strategic decisions have to be made about the network structure, locations, 
technologies, and capacities regarding all interdependencies within the network. 
Therefore, an optimization model is to be developed that simultaneously 
determines all of the mentioned decision variables. 
 Long-term decisions have to be made, which requires a multi-period model for the 
optimal design of the biofuel supply chain over time. 
 Varying risk attitudes of the investors ranging from risk-neutral to risk-averse must 
be considered to account for the different potential investors. Since the influence of 
different risk attitudes on the profitability of the supply chain is to be considered, 
the trade-off between the degree of robustness (specific risk attitude) and 
profitability of the supply chain must be analyzed. 
 Future uncertain political regulations have to be considered based on future 
scenarios without the knowledge of related probability distributions. 
 All political regulations as well as their uncertain developments must be 
considered. 
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 To ensure sustainable biofuel supply chains, the trade-off between the three 
sustainability criteria (economic, ecological, social) must be considered. According 
to the European biofuel regulations these are minimization of GHG emissions 
(ecological), maximization of the economic feasibility of the biofuel supply chain 
(economic), and minimization of unintended social side effects such as land use 
change (social). 
According to the above requirements, the decision support framework for the design of 
robust investment decisions and sustainable biofuel regulations has to consider long-term, 
multi-period planning problems taking into account conflicting sustainability aspects, 
uncertainties as well as risk attitudes of different decision makers. Additionally, 
consideration must be given to the complex structure of the (bio)fuel supply chain. 
Therefore, decision support systems have to be developed that can account for the very 
complex planning tasks requiring an ex-ante analysis and sophisticated decision support. 
To solve complex planning problems, mixed integer optimization models can be applied. 
Thus, a multi-objective robust multi-period technology, capacity choice and blending 
optimization model for the biofuel sector has to be developed in consideration of the 
uncertain development of political regulations and different risk attitudes as well as the 
trade-off between the sustainability criteria of the solution. In the next section, existing 
studies are analyzed considering the derived requirements. 
1.3 Literature review 
In this section, a literature review regarding the optimization of biofuel supply chain 
planning problems is performed. In doing so, existing literature is analyzed according to 
the requirements derived in section 1.2.3. Thus (I) biofuel supply chain planning in general 
is analyzed, with special consideration given to (II) political regulations, (III) uncertainties, 
(IV) different risk attitudes, and (V) sustainability criteria within biofuel supply chain 
planning. 
(I) Biofuel supply chain optimization models 
A multitude of papers covering biofuel planning problems can be found in the literature, 
e.g. designing profitable biofuel supply chains advising decisions such as the combination 
of biomass types, conversion technologies and biofuel products, the location of biomass 
sources, conversion plants and biofuel markets (e.g. Giarola, Shah, & Bezzo, 2012; 
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Schmidt, Leduc, Dotzauer, & Schmid, 2011; Walther, Schatka, & Spengler, 2012). In 
addition, there are models regarding multi-objectives (e.g. Bernardi, Giarola, & Bezzo, 
2013), multi-periods (e.g. Avami, 2013), different plant concepts (e.g. Walther et al., 
2012), capacity classes (e.g. Zhang, Osmani, Awudu, & Gonela, 2013), and import aspects 
(e.g. Gunnarsson, Rönnqvist, & Lundgren, 2004). An overview of further issues and 
challenges within biofuel supply chain planning can be found in An, Wilhelm, & Searcy, 
2011; Ba, Prins, & Prodhon, 2016; Elia & Floudas, 2014; Meyer, Cattrysse, Rasinmäki, & 
van Orshoven, 2014; Sharma, Ingalls, Jones, & Khanchi, 2013; Yue, You, & Snyder, 2014. 
However, none of these studies focuses on all derived requirements as will be shown in the 
next paragraphs. 
(II) Consideration of political regulations in biofuel supply chains 
For the design of biofuel supply chains, legal regulations such as a total market share quota 
for biofuels, multiple weighting of second-generation biofuels in the calculation of this 
quota, GHG emission savings quota for the final fuel blend, accounting of direct as well as 
indirect land use change GHG emissions for life cycle emissions, maximum market share 
quota for first-generation biofuels, and minimum market share quota for second-generation 
biofuels have to be regarded. Existing studies consider the impact of second-generation 
biofuel production targets and market share quotas in biofuel demand on the design of 
biofuel supply chains (e.g. Chen & Önal, 2014; Giarola et al., 2012; Schmidt, Gass, & 
Schmid, 2011). Multiple weighting of second-generation biofuel in the design of a biofuel 
supply chain was considered by Mazzetto, Simoes-Lucas, Ortiz-Gutiérrez, Manca, & 
Bezzo (2015) to assess the effect of a biofuel policy proposal on sustainability indicators. 
In some studies, the life cycle GHG emissions of biofuels was quantified to either analyze 
the environmental performance of the entire supply chain under different policy scenarios 
e.g. different levels of carbon taxes, emission certificates, incentives and market share 
quotas (e.g. Schmidt, Gass et al., 2011; Schmidt, Leduc et al., 2011; Wetterlund, Leduc, 
Dotzauer, & Kindermann, 2013), to include an environmental objective that supports the 
evaluation of trade-offs in the design of biofuel supply chains (Akgul, Shah, & 
Papageorgiou, 2012a; Čuček, Lam, Klemes, Varbanov, & Kravanja, 2010; Giarola et al., 
2012), or to analyze the effect of different carbon-related policy mechanisms such as 
carbon cap, carbon tax, as well as trade and carbon offset on the optimal design of biofuel 
supply chains (e.g. Marufuzzaman, Ekşioğlu, & Hernandez, 2014). There are only few 
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publications considering the European GHG emission saving targets estimating the life 
cycle GHG emission of the biofuel supply chain (e.g. Bernardi et al., 2013; Giarola, Bezzo, 
& Shah, 2013). However, these studies do not take into account emissions related to land 
use change as required by the European Union. Modeling of GHG emissions related to 
direct and indirect land use change associated with biofuel production is even less well 
studied. Most papers avoided accounting for land use change GHG emissions by adding a 
constraint to restrict the land area available for energy crop production right from the start 
(Akgul et al., 2012a). One exception is the work of (Čuček & Kravanja, 2010), who 
integrated the minimization of indirect land use change as an additional objective into their 
optimization model. However, they did not consider direct land use change in their study. 
Until now, there has been no study integrating all six policy instruments of European 
biofuel regulations in the optimal design of biofuel supply chains. 
(III) Consideration of uncertainties in biofuel supply chains 
Biofuel supply chain planning problems can be classified as strategic planning problems 
facing a long-term planning horizon. Since the further development of planning parameters 
is not known, the consideration of uncertain data is necessary to deduce robust solutions 
(Awudu & Zhang, 2012). A multitude of uncertain parameters that influence the design of 
biofuel supply chains are covered in the literature. Most papers considering uncertain data 
in optimization models focus on market uncertainties such as biofuel price (e.g. Dal Mas, 
Giarola, Zamboni, & Bezzo, 2010), biomass price (e.g. Osmani & Zhang, 2014), biofuel 
demand (e.g. Gonela, Zhang, Osmani, & Onyeaghala, 2015), biomass availability (e.g. 
Marufuzzaman, Eksioglu, & Huang, 2014), or transportation costs (e.g. Lee, 2014). 
Additionally, some researchers consider uncertainties caused by uncertain technological 
developments (e.g. Xie & Huang, 2013) and availability of hubs (e.g. Marufuzzaman, 
Eksioglu, Li, & Wang, 2014). When it comes to uncertainties related to political biofuel 
regulations, uncertain carbon costs (e.g. Giarola et al., 2013) and ecological impacts (e.g. 
Bairamzadeh, Pishvaee, & Saidi-Mehrabad, 2016) have been considered until now. Thus, 
the consideration of uncertain political regulations is less thoroughly studied within biofuel 
supply chain planning models. 
Different methods of integrating uncertain data into optimization models exist, for 
example: (I) stochastic optimization, (II) fuzzy optimization, and (III) robust optimization. 
Stochastic optimization methods can be used if the probability distribution of uncertain 
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data is known beforehand (Birge & Louveaux, 2011). Fuzzy optimization may be used if 
the information about uncertain data is vague and cannot be described precisely 
(Zimmermann, 2001). If the probability distribution of uncertain data is not known, robust 
optimization approaches can be applied (Soyster, 1973). For biofuel supply chains, most 
publications use stochastic optimization to factor in uncertain data within biofuel 
optimization models (e.g. Giarola et al., 2013). One exception is Tong, Gleeson, Rong, & 
You (2014) who used fuzzy optimization, while only two publications by Tong, You, & 
Rong (2014) and Walther et al. (2012) consider robust optimization methods. 
(IV) Consideration of risk attitudes in biofuel supply chains 
Varying risk attitudes of decision makers must be considered within uncertain optimization 
models in order to calculate the optimal solution for a specific risk attitude. In general, the 
risk attitude of a decision maker is classified as either risk-neutral or risk-averse 
(Rockafellar & Royset, 2015) and can take any value between risk-neutral and risk-averse. 
Additionally, a trade-off exists between the optimality of a solution and the selected risk 
attitude. To integrate specific risk attitudes into biofuel supply chain problems, most 
researchers use the expected value of the economic objective function to represent a risk-
neutral decision maker, and the value at risk to represent a more risk-averse decision maker 
(Dal Mas et al., 2010; Gebreslassie, Yao, & You, 2012; Giarola et al., 2013; Kostin, 
Guillén-Gosálbez, Mele, Bagajewicz, & Jiménez, 2012; Tong et al., 2014). An exception is 
Walther et al. (2012) who consider not only the expected value, but also the maximin 
criterion for the representation of a risk-neutral decision maker and the Hoges-Lehmann as 
well as the expected value/expected failure metric to represent different specific risk 
attitudes from risk-neutral to risk-averse. In conclusion, publications analyzing the 
influence of specific risk attitudes on the planning decision exist, but none of these studies 
analyzes the trade-off between the risk attitude and the performance of the optimization 
model. 
(V) Consideration of sustainability criteria within biofuel supply chains 
The consideration of sustainability criteria within biofuel supply chain planning problems 
is essential to prevent unintended side effects related to economic, ecological, or social 
criteria. In the following, an overview of sustainability criteria used within biofuel supply 
chain planning problems is given. 
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The economic performance of biofuel supply chains is considered within nearly all studies. 
Economic criteria include the maximization of the NPV (e.g. Paolucci, Bezzo, & Tugnoli, 
2016) or the minimization of total costs (e.g. Zamboni, Shah, & Bezzo, 2009) of the 
biofuel supply chain. 
Most studies use GHG emissions to assess the ecological performance of the biofuel 
supply chain. When GHG emissions are included as an additional objective, most studies 
minimize the life cycle GHG emission of the supply chain (e.g. Zamboni, Bezzo, & Shah, 
2009). The only exceptions are Aldana, Lozano, & Acevedo (2014) and Cambero, Sowlati, 
& Pavel (2016) who maximize the saved GHG emissions through the substitution of fossil 
fuel with biofuel. Another way to regard GHG emissions is by restricting the 
allowed/saved GHG emissions (e.g. Gonela et al., 2015). Finally, political regulations such 
as carbon trading, carbon tax, or carbon offset can be used to restrict GHG emissions of 
biofuel supply chains (e.g. Marufuzzaman et al., 2014). Thus, these political regulations 
allow for the violation of GHG emission values if penalties are paid. Besides the life cycle 
GHG emission, other criteria including damage to water quality (e.g. Čuček, Klemeš, 
Varbanov, & Kravanja, 2013), emissions to soil (e.g. Zhong, Yu, Eglish, & Larson, 2015) 
used resources (e.g. Čuček & Kravanja, 2010), energy consumption (e.g. Liu, Qiu, & 
Chen, 2014), land footprint (e.g. Čuček et al., 2013), and damage to the eco-system (e.g. 
Kostin, Guillén-Gosálbez, Mele, & Jiménez, 2012) can be minimized or restricted. The 
ecological performance of the supply chain, known as the Eco-indicator 99 (e.g. Mele, 
Kostin, Guillén-Gosálbez, & Jiménez, 2011) is minimized if a set of ecological indicators 
is used to evaluate the performance of the biofuel supply chain. 
To consider social criteria within biofuel supply chains, most studies restrict the available 
land for the cultivation of biomass for biofuels (e.g. Akgul, Shah, & Papageorgiou, 2012b). 
This is done by defining land use factors representing a specific proportion of land which 
may be used by the biofuel industry. Additionally, set-aside land can be used by the biofuel 
industry (e.g. Bernardi et al., 2013). Alternatively, the maximal market share of first-
generation biofuels is restricted to minimize competition between food/fodder and biofuels 
(e.g. Gonela, Zhang, & Osmani, 2015). The cultivation of monocultures (biomass for 
biofuel production) is restricted by not allowing the cultivation of the same biomass type 
on neighboring fields in order to minimize the loss of biodiversity (e.g. Babazadeh, Razmi, 
Pishvaee, & Rabbani, 2016). The only research minimizing indirect land use change was 
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published by Čuček et al. (2010), who minimize the competition between the food/fodder 
and biofuel industry. Another way to assess the social performance of a biofuel supply 
chain is to minimize/restrict the amount of water used (e.g. Bernardi, Giarola, & Bezzo, 
2012) or the damage to human health (e.g. Kostin et al., 2012). Finally, the number of jobs 
created (e.g. Santibañez-Aguilar, González-Campos, Ponce-Ortega, Serna-González, & El-
Halwagi, 2014) or investments in social projects (e.g. Iddrisu et al., 2015) can be 
maximized, representing a positive social impact of the biofuel industry. In conclusion, 
there is no single study that considers all sustainability criteria discussed by the European 
biofuel regulations, e.g. simultaneously minimizing GHG emissions (ecological indicator), 
maximizing the economic feasibility of the biofuel supply chain (economic indicator), and 
minimizing unintended social side effects such as land use change (social indicator). 
In conclusion, there already exist a multitude of studies considering biofuel supply chain 
planning problems including political regulations, uncertainties, varying risk attitudes, and 
sustainability criteria. However, none of these studies simultaneously considers all of the 
six political regulations introduced by the European Union. Related uncertainties of 
political regulations are also not taken into account. Additionally, the interdependencies 
between the risk attitude of the decision maker and the performance of the biofuel supply 
chain as well as the trade-off between the triple bottom line dimensions of sustainability 
criteria required by the European Union regulations is not analyzed in existing research 
studies. Thus, the academic void is as follows: 
 Simultaneous consideration of all six political regulations introduced by the 
European Union, 
 Consideration of the uncertainties related to the political development over time,  
 Consideration of the interaction between the risk attitude of the decision maker and 
the performance of the biofuel supply chain, and 
 Consideration of the trade-off between all sustainability criteria derived by the 
European regulations: economic feasibility, GHG savings, and land use change 
reduction. 
To close the academic void, the five research questions identified in section 1.1 will be 
answered below (see Figure 6). To do so, first the optimal investment decision taking into 
consideration all six European biofuel regulations will be studied for a deterministic 
environment in section 2.1. The deterministic model is extended in section 2.2 to consider 
Preface 
 
23 
 
not only the uncertain political regulations, but also the trade-off between the risk attitude 
of the decision maker and the performance of the biofuel supply chain. After analyzing the 
planning problems for the investor in section 2.1 and 2.2, the planning problems for the 
politician are considered in section 2.3 and 2.4. In doing so, the trade-off between the 
sustainability criteria derived by the European regulations is analyzed within a 
deterministic environment in section 2.3. In section 2.4, the deterministic optimization 
model is extended to consider uncertain data and different risk attitudes. Finally, the 
findings of section 2 are discussed in section 3. 
 
Figure 6 Structure of the five research questions 
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2 Cumulative part of the dissertation 
In this section, the cumulative part of the dissertation's four publications is summarized and 
the scientific value is presented (see Figure 7). The characteristics (authors, status of 
publication, and own contribution) of the different publications are summarized below: 
 
Figure 7 Structure of the cumulative part 
Publication 1 (see Appendix A for the full publication) 
 Title: Optimal design of supply chains for second generation biofuels incorporating 
European biofuel regulations 
 Author: Laura Elisabeth Hombach, Claudia Cambero, Prof. Dr. Taraneh Sowlati 
and Prof. Dr. Grit Walther 
 Status of publication: Published in the Journal of Cleaner Production, 133, pp. 565-
575 (2016) (VHB ranking: B) 
 Own contribution: In this cooperation my contribution is leading. My contribution 
includes participation on the design of the research concept, development of the 
theoretical part, the results, and the literature review of the paper. I also developed 
the methodological concept and the case study design 
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Publication 2 (see Appendix B for the full publication) 
 Title: Robust investment decision for hybrid biofuel supply chains under 
consideration of different risk attitudes and uncertain political regulations 
 Author: Laura Elisabeth Hombach and Prof. Dr. Grit Walther 
 Status of publication: Submitted to a peer-reviewed journal (Major revision) 
 Own contribution: My contribution in this publication is leading and encompasses 
the development of the research concept, the theoretical part, the methodological 
concept, the case study design, the derivation of results, as well as the literature 
review 
Publication 3 (see Appendix C for the full publication) 
 Title: Pareto-efficient legal regulation of the biofuel market using a bi-objective 
optimization model 
 Author: Laura Elisabeth Hombach and Prof. Dr. Grit Walther 
 Status of publication: Published in the European Journal of Operational Research, 
245, pp. 286-295 (2016) (VHB ranking: A) 
 Own contribution: My contribution in this publication is leading and encompasses 
the development of the research concept, the theoretical part, the methodological 
concept, the case study design, the derivation of results, as well as the literature 
review 
Publication 4 (see Appendix D for the full publication) 
 Title: Robust and sustainable supply chains under market uncertainties and 
different risk attitudes - a case study of the German biodiesel market 
 Author: Laura Elisabeth Hombach, Prof. Dr. Christina Büsing and Prof. Dr. Grit 
Walther 
 Status of publication: Accepted by the European Journal of Operational Research 
(VHB ranking: A) 
 Own contribution: My contribution in this publications is leading and encompasses 
the development of the research concept, the theoretical part, the case study design, 
the derivation of results, the literature review, as well as participation in the 
development of the methodological concept and the paper structure 
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Within the four publications, two main case studies are considered. The first case study 
aimed at optimal second-generation biodiesel supply chains for Rhineland-Palatinate 
(Germany) and the second case study optimized the German (bio)diesel market. The two 
case studies are presented in detail below: 
Case study 1: Rhineland-Palatinate (Germany) 
Rhineland-Palatinate was selected for the first case study because it is the federal state with 
the highest forest density in Germany, and has a large availability of agricultural and 
sawmill residues. The network structure of the case study is illustrated in Figure 8. 
 
Figure 8 Case study 1: Second generation biodiesel supply chain for Rhineland-Palatinate (Germany) 
The case study focused on second-generation biodiesel as a substitute for first-generation 
biodiesel, which is currently the most important biofuel in Germany. The case study was 
composed as follows: to ensure the biomass supply 36 potential sources are required (all 
districts in Rhineland-Palatinate), where 4 types of biomass with different quality attributes 
(forest residues, agricultural residues/straw, sawmill waste and miscanthus) can be 
cultivated on 7 different original land use types (forest [logging residuals, root biomass], 
agricultural [wheat, ray, barley, oats, triticale, canola, corn], agricultural else [e.g. 
potatoes], permanent crops, grassland, fallow and sawmill area). We assume that for 
agricultural residuals 10% and for forest residuals 50% of the area can be used for 
biodiesel production. If miscanthus is used additionally, land use change appears and 
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agricultural, permanent crop, grassland, forest, or fallow land is transformed into 
cultivation area for miscanthus. In the case study, two production technologies are 
considered with two plant concepts. The Carbo-V technology represents a centralized plant 
concept in which the entire production process from biomass to second-generation 
biodiesel takes place at one plant. The bioliq technology, on the other hand, has a 
decentralized plant concept in which the transformation from biomass into the intermediate 
product slurry takes place at smaller pyrolysis plants. The slurry is then transported to 
larger plants where the synthesis from slurry to biodiesel takes place. Two different 
capacities for both plant concepts are considered. In addition, four potential locations for 
the installation of production plants (the districts of Bad Kreuznach, Mayen-Koblenz, 
Bernkastel-Wittlich and Bad Dürkheim) and 36 markets (all districts) are considered over a 
planning horizon consisting of 21 time periods units (from 2015 to 2035). The potential 
locations are selected according to the following criteria: (I) equal distribution across 
Rhineland-Palatinate, (II) high biomass potential, and (III) good connection to highways to 
ensure the distribution of the produced biodiesel. A detailed description of the input data is 
provided in the supplementary material of Hombach, Cambero, Sowlati, & Walther (2016). 
Case study 2: Germany 
The second case study focused on the German (bio)diesel market including first- and 
second-generation biodiesel as well as fossil diesel. The network structure of the case study 
is illustrated in Figure 9. 
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Figure 9 Case study 2: (Bio)diesel supply chain for Germany 
In order to meet total diesel demand, fossil diesel, first-generation biodiesel, and second-
generation biodiesel can be blended with varying quotas. There is only one technology 
available for the production of first-generation biodiesel, whereas two alternative 
technologies (Carbo-V and bioliq) are available for the production of second-generation 
biodiesel. Depending on the technology and the final diesel product, different kinds of 
biomass can be used. For first-generation biodiesel, it is assumed that rapeseed is 
cultivated in Germany, soybeans in Argentina and palm oil in Malaysia. Second-generation 
biodiesel can be produced from miscanthus, residual straw or residual wood, both of which 
are cultivated in Germany are determined depending on diesel type, conversion 
technology, and biomass. Emission coefficients for land use change are adapted from 
European regulations. Information on total diesel demand and prices are also derived. The 
planning horizon is 20 years starting in 2013. 
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The first case study (Rhineland-Palatinate) is used in the first publication, whereas the 
second case study (Germany) is used in the other three publications. An overview of the 
case study design within all four publications is provided in Table 4. 
Table 4 Case study design for the different publications; LUC: Land use change 
 Publication 1 Publication 2 Publication 3 Publication 4 
Decision maker Investor Investor Politician Politician 
Environment Deterministic Uncertain Deterministic Uncertain 
Objective  - Maximize profit - Maximize profit 
- Maximize robustness 
- Maximize profit 
- Minimize GHG 
emissions 
- Maximize profit 
- Minimize GHG 
emissions 
- Minimize LUC 
Decisions - Biomass selection 
(LUC) 
- Location 
- Technology 
- Capacity 
- Biodiesel blend 
- Biomass selection 
(LUC) 
- Technology 
- Capacity 
- Biodiesel blend 
- Biomass selection 
(LUC) 
- Technology 
- Capacity 
- Biodiesel blend 
- Biomass selection 
(LUC) 
- Technology 
- Capacity 
- Biodiesel blend 
Case study Case study 1: 
Rhineland-Palatinate 
Case study 2: 
Germany 
Case study 2: 
Germany 
Case study 2: 
Germany 
Fuel types - Second-generation 
biodiesel 
- First-generation 
biodiesel 
- Second-generation 
biodiesel 
- First-generation 
biodiesel 
- Second-generation 
biodiesel 
- Fossil diesel 
- First-generation 
biodiesel 
- Second-generation 
biodiesel 
- Fossil diesel 
 
The four publications are summarized below. The cumulative part of this dissertation is 
structured as shown in Figure 7. 
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2.1 Optimal design of supply chains for second-generation biofuels incorporating 
European biofuel regulations 
 
Figure 10 Section characteristic 
Research question: The goal of the investor is to design biofuel supply chains that 
maximize economic performance in consideration of the regulatory framework. In the first 
step, a deterministic environment is assumed and the sensitivity of the optimal investment 
decision with regard to market and political uncertainties is analyzed. The following 
research question will thus be answered: what is the optimal investment decision in biofuel 
supply chains incorporating European biofuel regulations and what sensitivities 
(market/regulation) influence the optimality of the investment decision as well as the 
sustainability performance? 
Approach: The goal for the investor is to maximize the NPV of second-generation biofuel 
to meet the total biofuel demand in a region, assuming that there is first-generation biofuel 
available to supplement the demand when economically appropriate as long as biofuel 
regulatory constraints are met. The structure of the considered biofuel supply chain is 
shown in Figure 11. It is assumed that new plants for second-generation biofuel have to be 
installed due to regulatory requirements and that plants for the first-generation biofuel are 
already in place. The investment decisions are to determine the types and sources of 
biomass to supply each second-generation biofuel plant; the number, type, capacity and 
location of intermediate and final conversion facilities for the production of second-
generation biofuel; the amount of first-generation biofuel required to supplement the 
biofuel demand; and the annual flows of biomass, intermediate products and biofuel within 
the supply chain. Additionally, the complete set of instruments of current and proposed 
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European biofuel regulations, i.e. total market share quota for biofuels, multiple weighting 
of second-generation biofuels in the calculation of this quota, GHG emission savings quota 
for the final fuel blend, GHG savings, land use change GHG emissions, maximum market 
share quota of first-generation biofuels, and minimum market share quota of second-
generation biofuels are considered in the cost-efficient design of a second-generation 
biofuel supply chain. 
 
Figure 11 Biofuel supply chain (Hombach, Cambero, Sowlati, & Walther, 2016) 
To determine the optimal investment strategies, a multi-period optimization model that 
computes the most profitable design of a second-generation biofuel supply chain was 
developed. The resulting MIP model involved 159,374 constraints and 363,641 decision 
variables of which 1,008 were integer. It was run using the AIMMS 3.14 software with an 
Intel 2.67-GHz processor. Optimal solutions were found in an average time of 6,000 
seconds. 
We analyzed the influence of the current regulations (2009/28/EC and 2009/30/EC) and 
the two modifications proposed in 2012 (COM(2012)595 and 2012/0288(COD)) on the 
sustainability of a second-generation biofuel supply chain. For this demonstrative case 
study, we analyzed three different scenarios, each based on a different biofuel regulation. 
For each scenario we quantified the associated NPV as an economic goal, land use change 
reduction (social), and avoided GHG emissions (ecological). We performed a sensitivity 
analysis to evaluate the effect of changes in model parameters and different levels of policy 
instruments on the profitability of the second-generation biofuel supply chain. 
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We applied the model to a case study in the Rhineland-Palatinate region (western 
Germany) for the production of second-generation biodiesel. 
Results: Under these conditions, the results suggest that it is not possible to generate a 
positive NPV from the production of second-generation biodiesel in Rhineland-Palatinate 
considering any of the biodiesel regulations presented above. The high investment costs 
associated with second-generation biodiesel plants noticeably exceed the discounted 
revenues for selling the diesel over the analyzed planning horizon.  
However, it was shown that significant GHG emissions savings can be achieved by 
introducing support mechanisms to maximize the production of second-generation 
biodiesel. Our results showed that GHG emissions savings above 35% in the transportation 
sector can only be achieved through the use of second-generation biodiesel. 
None of the European regulations analyzed in this study has the potential to prevent land 
use change reduction associated with second-generation biodiesel production, because the 
low GHG emissions generated throughout the life cycle of second-generation biodiesel 
counterbalance the emissions generated by land use change. 
To evaluate the sensitivity of the solution, a sensitivity analysis was performed under the 
current and proposed European biofuel regulations. The analyzed parameters were: (I) 
biomass cost, (II) biomass availability, (III) diesel demand, (IV) diesel price, (V) 
technology conversion yield, (VI) capital/production costs, and (VII) transportation costs 
(of biomass, slurry and biodiesel) influencing the feasibility and optimality of the supply 
chain (Figure 12). As can be seen, the NPV of the second-generation biodiesel supply 
chain is highly sensitive to the diesel price as well as to capital and production costs. When 
the diesel price increases by 20%, the break-even point is reached under the current 
regulation and exceeded under the two proposed modifications. The same applies for a 
decrease in production costs of 20%. 
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Figure 12 Sensitivity of NPV to selected parameters considering current regulations (2009/28/EC & 2009/30/EC) and 
proposed regulations (COM(2012)595 & 2012/0288(COD)) (Hombach, Cambero et al., 2016) 
We also tested the sensitivity of the solution for different policy instruments using the 
current regulation as the basic case (Figure 13). A clear trade-off between the economic 
and ecological performance of the second-generation biodiesel supply chain in Rhineland-
Palatinate can be distinguished. Changes that benefit the economic performance of the 
supply chain have an adverse effect on the GHG emission savings potential and vice versa. 
This means that there is a trade-off between NPV and GHG emission savings in terms of 
direction and strength. The NPV shows a high sensitivity to changes in the GHG emission 
savings quota and the minimum market share of second- as well as the maximum market 
share of first-generation biodiesel. The reason is that these three policy instruments 
promote the (expensive) production of second-generation biodiesel. In contrast, GHG 
emission savings exhibit a high sensitivity to the total biodiesel market share quota and the 
multiple weighting of second-generation biodiesel, since these instruments influence the 
total quantity of biodiesel compared to fossil diesel. 
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Figure 13 Sensitivity of second-generation biodiesel a) NPV and b) total GHG emissions savings to individual changes 
in policy instruments considering policy instruments at the levels in current regulations (2009/28/EC & 2009/30/EC) 
(Hombach, Cambero et al., 2016) 
Conclusion: We modelled a decision support framework for investors in second-
generation biofuel supply chains and applied it to the Rhineland-Palatinate case study. We 
found that current European biofuel regulation fails to motivate the economically driven 
investor to design sustainable biofuel supply chains. A trade-off between economic (NPV) 
and ecological (GHG) performance of the biofuel supply chain was also derived. 
Additionally, sensitivity of biofuel supply chains to market and political developments was 
established. The identified trade-offs and sensitivities underline the need for long-time 
stable (robust) and sustainable political regulations influencing the profit-oriented 
investment decision in sustainable biofuel supply chains. 
Contribution: Until now, no study has modeled all six instruments of the European 
biofuel regulations within a mathematical optimization model and analyzed the influence 
of the entire set of European regulations on the economic and ecological performance of 
biofuel supply chains. Furthermore, the sensitivity of the results to changes in the 
European regulations on the performance of biofuel supply chains was analyzed for the 
first time. 
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2.2 Robust investment decision for hybrid biofuel supply chains under 
consideration of different risk attitudes and uncertain political regulations 
 
Figure 14 Section characteristic 
Research question: For the first research question we revealed that biofuel supply chains 
are sensitive to uncertain market and politic development. This leads to high planning 
uncertainties for investors and the need for designing robust biofuel supply chains. Thus, 
the goal for the investor is to design biofuel supply chains maximizing economic 
performance under consideration of regulatory framework and uncertain data. 
Additionally, it is still unclear which investor groups (fossil fuel industry, automotive 
industry, and agricultural consortia) will invest in second-generation biofuel supply chains 
and to what extent the investor will consider the uncertain data in his investment decision. 
Thus, different risk attitudes of potential investors must be considered in the investment 
decision as well. To do this, the following research question must be answered: how can 
robust investment decisions for biofuel supply chains be identified in consideration of 
different investor groups and related risk attitudes assuming that future developments are 
unknown? 
Approach: The goal of the investor is to design profit-optimized hybrid biofuel supply 
chains, i.e. first- and second-generation biofuel, taking political requirements into account. 
The considered hybrid biofuel supply chain structure is illustrated in Figure 15. Due to the 
long-term planning horizon of related investment decisions, planning uncertainties are very 
high. Thus, we conduct an ex-ante analysis of investment strategies into hybrid biofuel 
production networks in order to design and evaluate profitable and robust investment 
decisions taking into consideration different risk attitudes of investors. Thereby, the 
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complete system of biomass cultivation, biofuel production as well as import of biomass 
and blending of biofuels has to be regarded. Additionally, political biofuel regulations 
restricting the investment decision must be considered as well as the associated uncertain 
development of these regulations. The system has to be evaluated simultaneously with 
regard to the degree of robustness (risk attitude) and total profit. 
 
Figure 15 Hybrid biofuel supply chain (Hombach & Walther, 2016) 
We developed a bi-objective robust optimization model to find the optimal investment 
decision for a hybrid biofuel supply chain (first- and second-generation biofuels) taking 
into account different risk attitudes of potential investors. The optimization model 
contained 8,925 constraints and 68,205 variables of which 240 were integers. The CPLEX 
12.6 solver was used for solving the model. An optimization time of approximately 112 
seconds was needed for the calculation of the Pareto front. 
To identify the interaction between the investment decision and the risk attitude of the 
investor, the trade-off between the selected risk attitude and the profitability of the hybrid 
biofuel supply chain was analyzed. The considered uncertainties were derived from the 
uncertain development of the political regulations in the European Union. To visualize the 
trade-off between the risk attitude and the profitability of the solution, we applied the bi-
objective robust counterpart to the developed optimization model (see Appendix B for a 
detailed explanation of the bi-objective robust counterpart). We explicitly analyzed the 
influence of two uncertain political regulations, namely (Q1) total biofuel quota and (Q2) 
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minimal second-generation biofuel quota, on the performance of the hybrid biofuel supply 
chain (see Table 5 for the nominal and worst-case values). 
Table 5 Overview of the nominal and worst-case values of the uncertain political instruments (Hombach & Walther, 
2016) 
Political instrument Implementation  Description 
Total minimal biodiesel 
market share 
Nominal 2020: 20% COM(2001)264 
Worst case 2020: 6% 2009/28/EC 
Minimal market share of 
second-generation 
biodiesel 
Nominal 2020: 6% Total biodiesel market share 
Worst case 2020: 0% 2009/28/EC 
 
We applied the model to a case study of Germany for the production of first- and second-
generation biodiesel. 
Results: It appears that the existing biodiesel production infrastructure in Germany is 
sufficient if the worst case total biodiesel market share quota (6%) is required. To fulfill 
the nominal total biodiesel market share quota (20%), additional first- and second-
generation biodiesel is needed. Therefore, additional infrastructures for first-generation as 
well as second-generation biodiesel production plants have to be installed. 
In case the existing first-generation biodiesel infrastructure can be used and no other 
investments are necessary, the NPV is positive. However, as soon as investments are 
needed to install second-generation biodiesel plants, the NPV is negative. Thus, prices for 
biodiesel would have to increase or monetary incentives for biodiesel production by the 
government (subsidies, tax abatement) would be needed. 
In the following, we analyze the influence of the risk attitude on the performance of the 
hybrid biofuel supply chain. To do so, the Pareto front representing the trade-off between 
the robustness and the performance (NPV) of the hybrid biofuel supply chain is presented. 
First, we present the Pareto front for the single political regulations Q1 and Q2. Second, 
the Pareto front is presented combining both uncertain political instruments. For a better 
visualization the degree of robustness (risk attitude) is normed to a 1-0 scale, where 0 
represents a low (risk-neutral) and 1 a high (risk-averse) degree of robustness. 
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Figure 16 shows the Pareto front for the uncertain BtL market share quota (Q2). The 
extreme points of the Pareto front represent the results for a risk-averse and a risk-neutral 
decision maker. 
Each step on the Pareto front represents the installation of a new BtL production plant, 
therefore the six steps represent the six BtL plants needed to fulfil the 6% BtL market share 
quota. It is evident that the higher the BtL market share is, the less profitable the hybrid 
biodiesel production plant becomes. Thus, an economic substitution (higher prices, 
subsidies) would be necessary to break even/earn profits. Note: this result is based on 
current prices and taxes. Investors who are currently willing to take a risk and invest in 
hybrid biodiesel supply chains expect economic conditions to change, e.g. increasing 
prices for biodiesel, monetary stipulations for biodiesel production from the government 
(subsidies, tax abatement), or they expect to be able to sell developed technology or 
production plants to more conservative, risk-averse companies as soon as high biofuel 
quotas have to be fulfilled. Thus, they would consider these monitory incentives in their 
planning problem, which would most likely lead to a positive NPV. 
 
 
Figure 16 Pareto front for the uncertain second-generation biodiesel market share quota (Hombach & Walther, 2016) 
Figure 17 shows the Pareto front for the uncertain total biodiesel market share (Q1). Again, 
each of the 12 steps represents the installation of a new BtL production plant. As can be 
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seen, a positive NPV can be achieved up to a total biodiesel market share of 8% or a risk 
attitude of about 0.95. Thereby, FAME is used up to the maximum technical blending 
quota of 7%. From this point onwards, the NPV decreases as the total biodiesel market 
share increases, because BtL has to be used to cover the quota, which calls for high 
investments and results in high production costs. The major findings are identical to those 
for Q2. Again, we find that the robustness and thus the selected risk attitude influences the 
design and profitability of the hybrid biofuel supply chain. 
 
 
Figure 17 Pareto front for the uncertain total biodiesel market share quota (Hombach & Walther, 2016) 
Figure 18 shows the Pareto front combining the uncertainty ranges of the total biodiesel 
(Q1) and BtL (Q2) market share quota. The major findings are identical to those of Figure 
16 and Figure 17. First, only FAME is blended until the maximum technical blending 
quota of 7% is reached. The additional biodiesel quota has to be met by blending BtL. 
Thus, the remaining 8% to 20% total biodiesel quota (Q1) is met by blending additional 
BtL. The blended BtL counts not only towards fulfilling the total biodiesel (Q1) but also 
the BtL (Q2) market share quota. Thus, the blended BtL counts towards fulfilling both 
regulations and thus counts double for the degree of robustness until a market share of 6% 
BtL is reached. Thus, the two uncertain regulations are redundant. 
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Figure 18 Pareto front for the uncertain total and BtL market share quota (Hombach & Walther, 2016) 
Conclusion: Different uncertain parameters influence the economic feasibility of biofuel 
supply chains, leading to the need for designing robust biofuel supply chains. The degree 
of robustness of the designed biofuel supply chain depends on the risk attitude of the 
decision maker (between risk-neutral and risk-averse). The risk attitude of the decision 
maker influences the positive or negative evaluation of the investment decision in biofuel 
supply chains. A trade-off between the degree of robustness and the economic performance 
of the biofuel supply chain was thus revealed. The identified trade-off underlines the need 
for considering the risk attitude of the decision maker evaluating investment decisions for 
uncertain planning problems. 
Contribution: Until now, the interaction between the risk attitudes of the decision maker 
and the optimality/robustness of the solution was not studied in operations research 
literature. To do so, we applied the bi-objective robust counterpart to visualize the trade-off 
as an Pareto front for the first time. The visualization of the trade-off curves allows the 
investor to understand the influence of the risk attitude on the performance and the 
robustness of the supply chain. 
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2.3 Pareto-efficient legal regulation of the biofuel market using a bi-objective 
optimization model 
 
Figure 19 Section characteristic 
Research question: After analyzing the profit-optimized investment decision, the focus 
now shifts to decision support for the political decision maker. The goal of the politician is 
to find long-term stable and sustainable biofuel regulations, thus the following question is 
asked: how can efficient legal regulation for the biofuel market be designed taking into 
account economic and ecological criteria as well as unintended (social) side-effects? 
Approach: The goal of the politician is to find sustainable biofuel regulations, we thus 
conducted an ex-ante analysis of the biofuel production network in order to design and 
evaluate efficient legal regulations. The network structure of the (bio)fuel supply chain is 
illustrated in Figure 20. Thereby, the complete system of biomass cultivation, biofuel 
production as well as import of biomass, biofuel and fossil fuels has to be regarded, and all 
fuels that can be blended to fulfill total fuel demand (fossil fuels, first-, second-generation 
biofuels) must be considered. Capacities of agricultural areas and potential land use change 
effects have to be taken into account in order to analyze the appearance of unintended 
social side effects. The system has to be evaluated simultaneously with regard to emission 
reduction and total profit. 
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Figure 20 Structure of the (bio)fuel sector (Hombach & Walther, 2015); LUC: land use change 
To do this, we modeled a bi-objective (minimize GHG emissions and maximize NPV), 
multi-period optimization model, considering cultivation of biomass, production of 
biofuels, import of biofuels and biomass, blending of fuels, as well as the appearance of 
land use change. The optimization model contained 3,587 constraints and 68,867 variables 
of which 315 were integer. The CPLEX 12.4 solver was used for solving the model. An 
optimization time of approximately 2,300 seconds was needed for the calculation of the 
Pareto front. 
Our aim was to identify efficient solutions and to derive trade-off information for political 
decision makers regarding profit maximization and GHG emission minimization. 
Additionally, the sustainability performance of existing regulations was evaluated 
according to negative social side effects. The augmented 𝜖-constrained method 
(AUGMECON) was implemented to solve the mixed integer bi-objective optimization 
model. 
The model was applied to the case study of (bio)diesel production in Germany (first-
generation and second-generation biodiesel, and fossil diesel). 
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Results: To analyze the efficiency of the implemented European biofuel regulations in 
terms of economic and ecologic performance, we calculated the Pareto front representing 
the trade-off between the NPV and life cycle GHG emissions of the biodiesel market. 
Since 1997, political regulations of the European Union have often shown a gap to the 
Pareto front, i.e. regulations could be improved with regard to ecological and/or economic 
objectives (see Figure 21). Thus, regulations should be designed more carefully and long-
term efficient. Results have shown that numerous changes of legal measures for investors 
often resulted in only marginal changes in the achievable overall objectives. Consequently, 
such changes should be avoided, since they lead to a reduction in planning reliability and a 
high degree of uncertainty for investors instead of improved efficiency of regulations. 
 
Figure 21 Pareto front of the German biodiesel market as well as European regulations (Hombach & Walther, 2015) 
Another finding is that European regulations result in unintended social side effects (Figure 
22 and Figure 23). One unintended side effect of biofuel production is the resulting land 
use change (Figure 22). In order to analyze the influence of land use change we prohibited 
land use change by adding a corresponding constraint to the optimization model, and re-
calculated the Pareto front. As can be seen, total emissions are much higher if land use 
change is prohibited as compared to emissions if land use change is allowed, due to the 
usage of only available biomass, which may lead to higher life cycle emissions. This also 
holds true when comparing European regulations with/without adding land use change 
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constraints to the model. The reason for these results is that life cycle emissions of 
biodiesel are lower than emissions of fossil diesel even though emissions of land use 
change are regarded in the objective function. Thus, there is an incentive to rededicate 
areas to the production of biomass for biodiesel. If social effects such as land use change 
were regarded independently (which is currently not the case), a trade-off with the 
ecological and economic objective would occur. Thus, these interactions should be taken in 
consideration when developing efficient political regulations. Social impacts of land use 
change might have to be explicitly regarded in the legal derivation. 
 
Pareto front of the German 
biodiesel market with 
[with_LUC] and without 
[w/o_LUC] land use change 
as well as European 
regulations without land use 
change 
Figure 22 Unintended social side effects of European biodiesel regulations: land use change (Hombach & Walther, 
2015) 
Another unintended side effect is that a de-installation of biodiesel production facilities 
occurs during the planning horizon (Figure 23). First, pyrolysis production facilities of the 
bioliq technology will be installed at a maximum of seven facilities in 2020. However, two 
of these facilities have to be closed by 2033. The reason for this is the relative market share 
quotas stipulated in the European regulations. Because of this relative quota, total biodiesel 
demand depends on required market share but also on total diesel demand. Until 2020, 
required market share of biodiesel will increase, while total diesel demand will remain 
stable. After 2020, total diesel demand is expected to decrease due to more efficient 
conventional drive-train technologies and increasing market shares of electric vehicles. 
Thus, a decrease in total diesel demand leads to a decreased biodiesel demand despite 
constant legal biodiesel market share quotas. This situation is very disagreeable for 
investments in biodiesel production facilities. To generate an attractive planning situation 
for potential investors of biodiesel production facilities and to face the increasing demand, 
absolute volumes of blended biodiesel may be required. Additionally, it becomes obvious 
that the interaction with other political regulations (e.g. European regulations on fuel 
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efficiency of cars (e.g. (EC) No 443/2009)) have to be considered if the aim is to develop 
efficient regulations. 
 
Opened/used production 
facilities for the optimal 
solution of the European 
regulation 2009/28/EC 
[Biodiesel: first generation 
biodiesel; bioliq/bioliq_p: 
second generation 
biodiesel] 
Figure 23 Unintended social side effects of European biodiesel regulations: build-up of overcapacities (Hombach 
& Walther, 2015) 
Conclusion: One important requirement of designing a long-term stable and sustainable 
biofuel regulation is to perform an ex-ante analysis of the efficiency of the regulation 
considering the appearance of unintended social side effects. 
Contribution: For the first time, a model analyzing European biofuel regulations was 
developed and the efficiency of biofuel regulations and information on unintended social 
side effects resulting from political regulations were deduced. This information can be 
used by political decision makers to evaluate new regulations according to efficiency and 
unintended side effects, leading to long-term stable (robust) and sustainable political 
regulations, while at the same time reducing planning uncertainty for investors. 
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2.4 Robust and sustainable supply chains under market uncertainties and different 
risk attitudes - a case study of the German biodiesel market 
 
Figure 24 Section characteristic 
Research question: For the third research question we revealed that the social impacts of 
land use change should be regarded explicitly within the design of sustainable legal 
derivation. Additionally, the second research question showed that the design of robust 
decisions taking into account the specific risk attitude of the decision maker is essential to 
find long-term stable solutions. The following research question must now be answered: 
how can robust and efficient legal regulations for the biofuel market be identified 
considering economic, ecological, and social criteria as well as market uncertainties and 
varying risk attitudes? 
Approach: The goal of the politician is to design robust and sustainable biofuel 
regulations. To ensure that the designed biofuel regulations are sustainable irrespective of 
the risk attitude of the investor, the different risk attitudes must be considered in the 
decision support system as well. The network structure of the considered biofuel supply 
chain is illustrated in Figure 25 and is identical to the system considered in Section 2.3. 
Thus, the complete system of biomass cultivation, biofuel production as well as import of 
biomass, biofuel, and fossil fuel has to be regarded. The system has to be evaluated 
simultaneously with regard to the three sustainability targets total profit, emission 
reduction, and appearance of land use change. 
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Figure 25 Structure of the (bio)fuel sector (Hombach, Büsing, & Walther, 2016); LUC: land use change 
To do so, we developed an uncertain and multi-objective (minimize GHG emissions, 
minimize land use change, and maximize NPV), multi-period optimization model. The 
optimization model contained 3,653 constraints and 68,933 variables of which 315 were 
integer. We used CPLEX 12.4 to solve the model. We observed a solution time of 
approximately 9,155 seconds to obtain the Pareto front. 
Our aim was to determine robust Pareto optimal solutions with regard to the three 
sustainability objectives: (I) maximizing the discounted net present value (economic), (II) 
minimizing the life cycle GHG emissions (ecological), and (III) minimizing land use 
change (social) in the fuel sector. Additionally, the sustainability performance of the 
2009/28/EC biofuel regulation was evaluated. For illustrative purposes, we assumed that 
only the biomass availability and the production cost for fossil fuel are uncertain. To 
include the risk attitude of the decision maker, we used deferent interval scenario sets to 
model the uncertain parameters. To calculate the Pareto front, we used the argument 𝜖-
constraint method (AUGMECON). 
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The model was applied to the case study of (bio)diesel production in Germany (first-
generation and second-generation biodiesel as well as fossil diesel). 
Results: To find sustainable biofuel regulations according to economic, ecological, and 
social performance, we calculated the Pareto front representing the trade-off between the 
three sustainability targets of the biodiesel market for the deterministic model. To do so, 
we first analyzed the ideal solutions of the three sustainable targets. An ideal solution of a 
certain objective represents the best value that can be obtained. Figure 26 presents the 
Pareto front and highlights the ideal solutions for the three conflicting sustainable targets. 
The ideal economic solution has the highest possible market share of fossil diesel. For 
second-generation biodiesel production, the available residual biomass is sufficient and no 
land use change appears. For the production of first-generation biodiesel, mainly the 
cheapest biomass is used which exceeds the available amount for Germany and results in 
land use change. Thus, for the production of first-generation biodiesel, land use change 
appears which is not prohibited by the existing political regulations (2009/28/EC). 
The ideal ecological solution reaches the highest biodiesel market share, which is only 
restricted due to biomass availability. A drawback of this solution is the appearance of land 
use change. The cultivation of biomass for first-generation biodiesel as well as additional 
miscanthus for the production of second-generation biodiesel notably exceeds the available 
biomass amount for Germany. This results in a large monoculture. Thus, the consideration 
of land use change emissions within the life cycle emissions of biodiesel combined with 
the emission savings target of the European Union cannot prevent land use change. 
The ideal social solution is not unique. One of the solutions leads to fewer emissions and a 
low NPV, while another solution leads to higher emissions and thus a higher NPV. To 
prevent land use change, only biomass which is already available in 2013 is used. Thus, it 
is possible to fulfill the political regulations and at the same time prevent land use change. 
This leads to the need for redesigning existing political regulations regarding the explicit 
consideration of land use change. Due to the more expensive biomass used for the 
production of first-generation biodiesel, the NPV is lower compared to the ideal economic 
solution. 
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Figure 26 Pareto front of the German biodiesel market (Hombach, Büsing et al., 2016) 
In the following, the trade-off between the three conflicting sustainability objectives are 
discussed. Figure 27 illustrates an approximation of the entire Pareto front shown in Figure 
26. Iso curves are used for the approximation. Below we will use this approximation for 
the visualization of the three trade-offs (economic vs. ecological, ecological vs. social, 
economic vs. social). Each curve of the Pareto front represents the trade-off between the 
social and economic target for a specific ecological value. This specific GHG emission 
value can be achieved with different economic and social values. In general, less land use 
change leads to a solution with a lower NPV: if mainly available biomass is used and less 
additional biomass is cultivated it is not possible to prefer cheap biomass. The trade-off 
between the ecological and economic target is shown by the location of the single curves. 
An increase in GHG emissions leads to an increase in NPV: in this case, more fossil diesel 
than biodiesel is blended. Finally, fixing a specific amount of land use change it is possible 
to select a solution leading to fewer GHG emissions and a lower NPV or a solution with 
more GHG emissions and a higher NPV. The trade-off between the ecological and social 
target is shown by the ascending slope of the curves. At a specific point it is not possible to 
emit fewer GHG emissions without land use change due to biomass availability. Thus, we 
found that that trade-offs exist between all three sustainability targets. 
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Figure 27 Approximation of the Pareto front and the three sustainability trade-offs (Hombach, Büsing et al., 2016) 
Below (in Figure 28) we will analyze the influence of considering a risk-neutral or risk-
averse on the Pareto front. Considering the development of the parameters, the following 
general attitude of the risk-neutral and risk-averse decision maker can be derived: the risk-
neutral decision maker expects a higher biomass availability and lower costs of fossil 
diesel than a risk-averse decision maker. The risk-neutral decision maker is willing to take 
the risk that the cost of fossil diesel is higher than expected. He also neglects the possibility 
that the computed solution is not feasible if the available biomass is not sufficient. The 
risk-averse decision maker does not take this risk. By comparing the Pareto front for a risk-
neutral decision maker with the Pareto front for a risk-averse decision maker, three major 
differences can be identified: for the risk-averse decision maker (I) lower GHG emission 
savings are expected due to less available biomass, (II) the expected costs are higher to 
reach the same GHG emissions due to less biomass availability and also higher for fossil 
diesel, and (III) less biomass can be used for the production of biodiesel than for the risk-
neutral decision maker. Thus, we found that the selected risk attitude influenced the 
sustainability performance of the biodiesel supply chain. 
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Figure 28 Approximation of the a) Pareto front for a risk-neutral decision maker, b) Pareto front for or a risk-averse 
decision maker (Hombach, Büsing et al., 2016) 
Conclusion: A trade-off exists between the three sustainability criteria (economic, 
ecological, and social). To accomplish sustainability targets of the fuel sector through 
political regulations, consideration must be given to related market uncertainties 
influencing the sustainability performance of the supply chain. However, due to varying 
risk attitudes the integration of uncertain data into planning problems differs for different 
decision makers. Consequently, the influence of different risk attitudes on the 
sustainability performance of the political regulations must be regarded as well. 
Contribution: Until now, no publication has solved robust multi-objective optimization 
models considering different risk attitudes to find robust and sustainable political 
regulations. This framework can be used by political decision makers to validate the 
robustness of their regulations according to different uncertainties as well as the 
sustainability, the appearance of unintended side effects and the efficiency-fulfilling 
predefined targets. 
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3 Discussion of the results 
 
Figure 29 Section characteristic 
In this section, the results derived in the cumulative part of the dissertation are discussed 
and combined. To do so, the following research question will be answered: 
Research question: What is the interaction between the two actors of the biofuel sector 
(investor, politician) and how can robust and sustainable biofuel supply chains be 
designed? 
First, implications for investors on how to design robust biofuel supply chains are derived 
and, second, insights for politicians on how to design sustainable and robust biofuel 
regulations are presented. Afterwards, the interaction of the two actors will be discussed. 
Implications for investors on how to design robust biofuel supply chains 
The goal of the investor is to maximize the economic performance of the biofuel supply 
chain as well as the fulfilment of the political regulations. The investor decides whether he 
is willing to invest and about the characteristics of the implemented supply chain including 
used biomass, installed/used production technologies, produced biofuel, imported 
biomass/biofuel, and transportation. To do so, the following four results were derived in 
section 2.1 and 2.2: 
First, it is not possible to design profitable second-generation biofuel supply chains due to 
the high investment and production costs, which noticeably exceed the production costs of 
fossil fuel (see section 2.1). The sensitivity analysis shows that it is only possible to 
generate a positive NPV for second-generation biofuel supply chains if the selling price for 
fuel increases by around 20% compared to today’s values or if the investment and 
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production costs decrease by around 20% (see Figure 12). Thus, financial incentives from 
the government would be necessary to ensure a profitable second-generation biofuel 
supply chain. 
Second, if the investor invests in a hybrid biofuel supply chain combining first- and 
second-generation biofuel, it is possible to generate a positive NPV (see section 2.2). 
However, it is only possible to generate a positive NPV if full utilization of the installed 
production plants and cross-subsidization from first- to second-generation biofuel is 
possible (see Figure 21). Thus, the total and second-generation biofuel market share quotas 
must allow for sufficient first-generation biofuel production, with all negative effects, in 
order to obtain a positive NPV. 
Third, the profitability of the biofuel supply chain reacts sensitively to changes in the 
market structure as well as political regulations (see Figure 12 and Figure 13). Thus, to 
design robust biofuel supply chains uncertainties have to be takin into account in the 
decision support framework. 
Fourth, it is still unclear which interest groups (fossil fuel industry, automotive industry, 
and agricultural consortia) will invest in biofuel supply chains and to what extent the 
investor will consider uncertainties in the investment decision. Thus, the different risk 
attitudes of the potential investor groups must be considered in the investment decision as 
well. We found a trade-off between the degree of robustness (risk attitude) and profitability 
of the biofuel supply chain (see Figure 16). Thus, the positive or negative evaluation of the 
investment decision depends on the risk attitude of the decision maker (see Figure 17). 
In conclusion, it is only possible to design profitable biofuel supply chains if full utilization 
of the installed production plants and cross-subsidization from first- to second-generation 
biofuel is possible or if financial incentives from the government are provided. 
Additionally, it is important to consider uncertainties in market and political developments 
as well as the specific risk attitudes of the decision maker to design robust biofuel supply 
chains. 
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Implications for politicians on how to design sustainable and robust biofuel 
regulations 
The goal of the politician is to find long-term stable (robust) and sustainable biofuel 
regulations. Biofuel regulations are sustainable if GHG emissions of the fuel sector are 
reduced, if it is possible to design economically feasible biofuel supply chains, and if 
unintended social side effects are avoided. The results derived in section 2.3 and 2.4 
showed the following: 
First, significant GHG emissions savings can be achieved by regulatory support 
mechanisms to maximize biofuel production. Second-generation biofuels in particular can 
contribute to this target (see section 2.1 and section 2.3). 
Second, none of the European regulations has the potential to prevent land use change, 
because the low GHG emissions generated throughout the entire life cycle of biofuels, 
especially second-generation biofuels, as well as minor or even negative land use change 
emission still allow the appearance of land use change. Even if emission related to direct 
and indirect land use change are included within the life cycle emissions of biofuels, land 
use change is not prevented (see section 2.4). 
Third, the profit oriented investor is only willing to invest into biofuel supply chains if he 
is stipulated by political regulations (see section 2.1). Also, a trade-off exists between 
political regulations leading to an economic or ecologic oriented biofuel supply chain (see 
Figure 13). Thus, to ensure the design of ecologic biofuel supply chains political 
regulations must be designed accordingly. 
Fourth, a trade-off between the triple-bottom-line dimensions of sustainability exists (see 
section 2.4). This implies that the more biofuel is blended into the final fuel blend, the 
fewer emissions are polluted (ecological), the less NPV can be archived (economic), and 
the more land use change appears (social). Current European biofuel regulations are not 
efficient according to this trade-off (see Figure 21). Thus, it is important to consider all 
three sustainability criteria simultaneously when designing biofuel regulations, and 
efficient and effective regulations must be created. 
Fifth, another social side effect is the installation of overcapacities and the related de-
installation of biofuel production facilities (see Figure 23). This will most probably lead to 
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job losses for employees of the de-installed production plants. The installation of 
overcapacities is a result of a relative biofuel quota, total biofuel demand depends on the 
required market share and on total fuel demand, which is decreasing. Thus, to prevent the 
de-installation of production plants, more stable biofuel market share quotas should be 
used, such as absolute biofuel quotas. 
Sixth, the efficiency of the biofuel regulations on the consideration of uncertain data in the 
investment decision depends on the specific risk attitude of the decision maker (see section 
2.4). Thus, to ensure that political regulations lead to sustainable biofuel supply chains 
regardless of the considered uncertainty and risk attitude of the investor, the political 
decision maker should consider these uncertainties and different risk attitudes in his 
decision support system. 
In conclusion, to ensure the design of robust and sustainable biofuel supply chains the 
political regulations must be sustainable and robust and the related trade-offs must be 
considered. Additionally, it is important to ensure that the implemented regulations do not 
lead to unintended social side effects including the installation of overcapacities. 
Interaction between the investor and politician 
The interaction between the two actors of the biofuel sector can be summarized as follows: 
The target of the political decision maker is to develop long-time stable (robust) and 
sustainable biofuel regulations. Biofuel regulations are sustainable if GHG emissions of the 
fuel sector are reduced, if it is possible to design economically feasible biofuel supply 
chains, and if unintended social side effects are avoided. To find sustainable regulations, 
the trade-off between the economic and ecological performance of the biofuel sector as 
well as the social impact must be regarded ex-ante (research question 3). Long-term stable 
and sustainable regulations must therefore be efficient according to economic and 
ecological criteria and must not lead to unintended social side effects. Another critical 
aspect is the influence on the sustainable performance owing to uncertain market 
development. Therefore, the political decision maker must develop not only sustainable but 
also robust regulations according to critical market uncertainties. Also, the risk attitudes of 
the different investment groups must be regarded to capture different risk-dependent 
investment strategies and to ensure that all investment strategies lead to sustainable biofuel 
supply chains (research question 4). In conclusion, the political decision maker must 
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consider the economic perspective of the investor when developing efficient political 
regulations, while at the same time avoiding unintended social side effects and aiming for 
maximum ecological gain. Due to market uncertainties, all possible risk-dependent 
investment strategies related to the different risk attitudes of the potential investors must be 
regarded to guarantee long-term stable (robust) and sustainable regulations. 
The target of the investor is to maximize the economic performance of the biofuel supply 
chain and to fulfill the political regulations. The investor decides whether he is even 
willing to invest in the first place. If he is willing to invest he has to decide about the 
characteristics of the implemented supply chain including used biomass, installed/used 
production technologies, produced biofuel, imported biomass/biofuel, and transportation. 
Due to trade-offs between the economic and the sustainability performance (ecological, 
social) a sustainable biofuel supply chain is installed only if forced by political regulations 
(research question 1). Other critical issues influencing the investment decision as well as 
the sustainable performance of the biofuel supply chain are the uncertain market 
development as well as unstable political regulations. The results have shown that the 
performance of the installed biofuel supply chain is sensitive to changes within the market 
structure and political regulation (research question 1). These sensitivities lead to high 
planning uncertainty for investors. To reduce this uncertainty, a robust biofuel supply chain 
must be designed taking the uncertain environment into account. For the design of robust 
biofuel supply chains, the risk attitude of the decision maker must be regarded (research 
question 2). Thus, the degree of robustness of the installed biofuel supply chain depends on 
the risk attitude of the decision makers. 
Thus, political regulations influence the network design and robustness of the investment 
decision according to uncertainties derived from unstable regulations. The efficiency of the 
political regulation, on the other hand, depends on the profit-oriented investment decision 
of the investor. In other words, a circular relationship between the two actors exists. 
The identified circular relationship between the two actors of the biofuel sector must be 
considered to design robust and sustainable biofuel supply chains. Since biofuel supply 
chains are established only if driven by political regulations, it is crucial that these 
regulations are efficient with regard to all three sustainability criteria and do not lead to 
unintended side effects. This can be achieved if a detailed ex-ante analysis of the political 
regulations is performed. Another critical point relates to market uncertainty. Market 
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uncertainties must be considered if political regulations are developed to ensure that the 
sustainable performance of the biofuel sector is resistant to changes in the uncertain market 
development. To be able to integrate market uncertainties in the design of political 
regulations, the different risk attitudes of the investors have to be considered to capture all 
possible risk-dependent investment strategies. In conclusion, robust and sustainable biofuel 
regulation must be designed to ensure investments in robust and sustainable biofuel supply 
chains.  
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4 Conclusion and aspects of future work 
In this dissertation, decision support systems for the design of robust and sustainable 
supply chains for the German biofuel sector were developed. In preparation for this, the 
following five research questions were answered: 
 Research question 1 (Investor/Deterministic): What is the optimal investment 
decision into biofuel supply chains incorporating European biofuel regulations and 
what sensitivities (market/regulation) influence the optimality of the investment 
decision as well as the sustainability performance? 
 Research question 2 (Investor/Uncertain): How can robust investment decisions 
for biofuel supply chains be identified in consideration of different investor groups 
and related risk attitudes assuming that future development are unknown? 
 Research question 3 (Politician/Deterministic): How can efficient legal 
regulation for the biofuel market be designed taking into account economic and 
ecological criteria as well as unintended (social) side effects? 
 Research question 4 (Politician/Uncertain): How can robust and efficient legal 
regulation for the biofuel market be identified taking into account economic, 
ecological, and social criteria as well as market uncertainties and different risk 
attitudes? 
 Research question 5 (Investor/Politician): What is the interaction between the 
two actors of the biofuel sector (investor, politician) and how can robust and 
sustainable biofuel supply chains be designed? 
Following the assessment of the developed model and the assessment for the two decision 
makers - the investor and the politician - are revealed. 
Assessment of the developed method 
The development of robust and sustainable biofuel supply chains is a current and important 
research question, of interest for researchers involved in both technical and policy biofuel 
issues. Studies focusing on the development of robust and sustainable supply chains 
already exist (Čuček et al., 2013; Walther et al., 2012). However, existing publications 
always lack certain aspects for the design of robust and sustainable biofuel supply chains 
including (I) required material flows, varying technologies, and installed/used capacities, 
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(II) political regulations, (III) uncertain market and political developments, (IV) varying 
risk attitudes of investors, and (V) trade-offs between the three sustainability criteria. The 
identified academic void is closed by this dissertation and a decision support framework 
including all five identified requirements was for the first time developed. 
The major challenges of this work included the detailed analysis of the planning situation 
including all required material flows, technologies, biomass/area availability, and fuel 
demand for the production of biofuels as well as the detailed analysis of the past 
development of European biofuel regulations. Additionally, the uncertainties related not 
only to uncertain market development but also to unstable political regulations were 
presented for the first time. Additionally, for the first time a detailed analysis of the trade-
off between the risk attitude of the decision maker and the performance of the biofuel 
supply chain was performed. Another challenge of this work was the sustainability 
assessment of biofuel supply chains including not only the economic performance, but also 
the ecological and social evaluation of the supply chain. 
For the first time, the developed decision support framework integrates all six political 
regulations used by the European Union: total market share of biofuels, multiple weighting 
of second-generation biofuels in the calculation of this quota, GHG emission savings quota 
for the final fuel blend, GHG savings, consideration of GHG emissions from land use 
change; maximum market share of first-generation biofuels, and minimum market share of 
second-generation biofuels. In this context, all political instruments are modeled as 
constraints or within the objective of the optimization model. By doing so, it is possible to 
analyze the impact of the different legal instruments on the investor's planning decision, as 
well as the impact of the efficiency of the used instruments according to sustainability 
criteria. Furthermore, it is possible to analyze the influence of uncertainties related to the 
individual political instruments on the economic performance of the biofuel supply chain. 
To visualize the trade-off between the risk attitude and the economic performance of the 
biofuel supply chain, existing methods for the integration of different risk attitudes in 
uncertain optimization models were analyzed in detail. One approach was identified which 
was able to visualize this trade-off. The bi-objective robust counterpart was applied to real 
world data for the very first time. Thus, not only the solutions for risk-neutral and risk-
averse decision maker, as done by most researchers, but also additional information on the 
shape of the Pareto front where shown. This additional information allows the decision 
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maker to understand the influence of selecting a specific risk attitude on the corresponding 
performance of the biofuel supply chain. 
To design robust and sustainable biofuel supply chains, methods from robust optimization 
and multi-objective optimization were combined. Initial attempts to combine these two 
methods into robust multi-objective optimization already exist. However, until now no 
researcher has systematically analyzed the different approaches known in robust and multi-
objective optimization and analyzed them according to the possibility of representing 
different risk attitudes as well. Thus, for the first time a framework was developed in 
which it is possible to solve uncertain and multi-objective optimization models, while at 
the same time integrating different risk attitudes of the decision maker. 
In conclusion, a decision support framework for the design of robust and sustainable 
biofuel supply chains including not only all relevant material flows, but also all political 
instruments used by the European Union was developed. Furthermore, different risk 
attitudes of the decision maker were integrated and the trade-off between the risk attitude 
of the decision maker and the performance of the biofuel supply chain was visualized. 
Finally, approaches from robust optimization and multi-objective optimization were 
combined to design robust and sustainable biofuel supply chains. 
Assessment for the usability for the different decision makers: investor and politician 
The developed decision support framework can be used by investors to design robust 
biofuel supply chains and by politicians to design political regulations leading to robust 
and sustainable biofuel supply chains. In this dissertation we applied the framework to two 
case studies and derived implications for decision makers from these applications. Below, 
the findings for investors and politicians will be summarized and the applicability to 
further cases will be discussed. 
Two different case studies were analyzed for the investor, first the regional case study of 
Rhineland-Palatinate and, second, the national case study for Germany. For these case 
studies, a detailed data analysis was performed. For the investor it is possible to derive 
details about the network structures of the optimal biofuel supply chain including used 
biomass, installed/used production technologies, produced biofuel, and transportation 
taking into account European biofuel regulations. We found that the optimality of the 
biofuel supply chain responds sensitively to changes in market data and political 
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regulations. Thus, the framework allows the investor to design robust biofuel supply chains 
in consideration of his specific risk attitude and to understand the influence of his risk 
attitude on the performance of the biofuel supply chain. 
For the politician, one national case study representing Germany was analyzed. It was 
shown that the existing European biofuel regulations are not efficient with regard to the 
three sustainability criteria, maximizing the NPV (economic), minimizing GHG emissions 
(ecological), and minimizing land use change (social). Additionally, the impact of the 
different political instruments on the investment decision was shown. Thus, the politician 
can use our framework to analyze legal instruments or political regulations based on their 
sustainability performance and their impact on the investment decision. Additionally, it 
was shown that the current political regulations are unable to prevent land use change as 
required by the European Union and that unintended social side effects such as the 
installation of overcapacities appear. Also, the framework allows for an evaluation of 
political regulations regarding their sustainability performance as well as different market 
uncertainties and different risk attitudes of the investor to ensure that the political 
regulations lead to robust and sustainable biofuel regulations. 
An application of the decision support framework to further cases is possible. The 
framework can be applied at a regional, national or global level. Additionally, it is possible 
to apply the framework to further industries, for example, the energy sector. 
Future work 
With regard to further research it would be possible to consider a broader system boundary 
to not only focus on biofuels, but also to consider different bio-based products, e.g. 
bioenergy or bio-based materials to better understand the competition between those 
products. Additionally, it would be worthwhile to analyze which bio-based product has the 
highest emission reduction potential. Another research topic would be the consideration of 
cascade usage of bio-based products in integrated supply chains. Also, it would be 
worthwhile to assess the applicability to other regions and the evaluation of further 
political regulations outside the European Union. 
  
Conclusion and aspects of future work 
 
62 
 
References 
2003/30/EC. DIRECTIVE 2003/30/EC OF THE EUROPEAN PARLAMENT AND OF 
THE COUNCEL on the promotion of the use of biofuels or other renewable fuels for 
transport. Retrieved from http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:123:0042:0042:EN:PDF  
2009/28/EC. DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLAMENT AND OF 
THE COUNCEL on the promotion of the use of energy from renewable sources and 
amending and subsequently replacing Directives 2001/77/EC and 2003/30/EC. 
Retrieved from http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=Oj:L:2009:140:0016:0062:en:PDF  
2009/30/EC. DIRECTIVE 2009/30/EC OF THE EUROPEAN PARLAMENT AND OF 
THE COUNCEL amending Directive 98/70/EC as regards the specification of petrol, 
diesel and gas-oil and introducing a mechanism to monitor and reduce greenhouse gas 
emissions and amending Council Directive 1999/32/EC as regards the specification of 
fuel used by inland waterway vessels and repealing Directive 93/12/EEC. Retrieved 
from http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2009:140:0088:0113:EN:PDF  
2010/335/EU. COMMISSION DECISION on guidelines for the calculation of land carbon 
stocks for the purpose of Annex V to Directive 2009/28/EC. Retrieved from http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2010:151:0019:0041:EN:PDF  
2012/0288 (COD). Proposal for a DIRECTIVE OF THE EUROPEAN PARLIAMENT 
AND OF THE COUNCIL amending Directive 98/70/EC relating to the quality of petrol 
and diesel fuels and amending Directive 2009/28/EC on the promotion of the use of 
energy from renewable sources. Retrieved from 
http://ec.europa.eu/clima/policies/transport/fuel/docs/com_2012_595_en.pdf  
Akgul, O., Shah, N., & Papageorgiou, L. G. (2012a). An optimisation framework for a 
hybrid first/second generation bioethanol supply chain. Computers & Chemical 
Engineering, 42(0), 101–114. doi:10.1016/j.compchemeng.2012.01.012   
Akgul, O., Shah, N., & Papageorgiou, L. G. (2012b). Economic optimisation of a UK 
advanced biofuel supply chain. Biomass and Bioenergy, 41(0), 57–72. 
doi:10.1016/j.biombioe.2012.01.040   
Aldana, H., Lozano, F. J., & Acevedo, J. (2014). Evaluating the potential for producing 
energy from agricultural residues in México using MILP optimization. Biomass and 
Bioenergy, 67, 372–389. doi:10.1016/j.biombioe.2014.05.022   
An, H., Wilhelm, W. E., & Searcy, S. W. (2011). Biofuel and petroleum-based fuel supply 
chain research: A literature review. Biomass and Bioenergy. 
doi:10.1016/j.biombioe.2011.06.021   
Avami, A. (2013). Assessment of optimal biofuel supply chain planning in Iran: Technical, 
economic, and agricultural perspectives. Renewable and Sustainable Energy Reviews, 
26(0), 761–768. doi:10.1016/j.rser.2013.06.028   
Conclusion and aspects of future work 
 
63 
 
Awudu, I., & Zhang, J. (2012). Uncertainties and sustainability concepts in biofuel supply 
chain management: A review. Renewable and Sustainable Energy Reviews, 16(2), 
1359–1368. doi:10.1016/j.rser.2011.10.016   
Ba, B. H., Prins, C., & Prodhon, C. (2016). Models for optimization and performance 
evaluation of biomass supply chains: An Operations Research perspective. Renewable 
Energy, 87, 977–989. doi:10.1016/j.renene.2015.07.045   
Babazadeh, R., Razmi, J., Pishvaee, M. S., & Rabbani, M. (2016). A sustainable second-
generation biodiesel supply chain network design problem under risk. Omega. 
doi:10.1016/j.omega.2015.12.010   
Bairamzadeh, S., Pishvaee, M. S., & Saidi-Mehrabad, M. (2016). Multiobjective Robust 
Possibilistic Programming Approach to Sustainable Bioethanol Supply Chain Design 
under Multiple Uncertainties. Industrial & Engineering Chemistry Research, 55(1), 
237–256. doi:10.1021/acs.iecr.5b02875   
Bernardi, A., Giarola, S., & Bezzo, F. (2012). Optimizing the economics and the carbon 
and water footprints of bioethanol supply chains. Biofuels, Bioproducts and Biorefining, 
6(6), 656–672. doi:10.1002/bbb.1358   
Bernardi, A., Giarola, S., & Bezzo, F. (2013). Spatially Explicit Multiobjective 
Optimization for the Strategic Design of First and Second Generation Biorefineries 
Including Carbon and Water Footprints. Industrial & Engineering Chemistry Research, 
52(22), 7170–7180. doi:10.1021/ie302442j   
Birge, J. R., & Louveaux, F. (2011). Introduction to stochastic programming (2nd ed). 
Springer series in operations research. New York, Berlin, Heidelberg: Springer. 
Blades, T., Rudloff, M., & Schulze, O. (2005). Sustainable SunFuel from CHOREN’s 
Carbo-V® Process (ISAF XV). San Diego. Retrieved from 
http://www.eri.ucr.edu/ISAFXVCD/ISAFXVAF/SSFCCVP.pdf  
Cambero, C., & Sowlati, T. (2014). Assessment and optimization of forest biomass supply 
chains from economic, social and environmental perspectives – A review of literature. 
Renewable and Sustainable Energy Reviews, 36, 62–73. doi:10.1016/j.rser.2014.04.041   
Cambero, C., Sowlati, T., & Pavel, M. (2016). Economic and life cycle environmental 
optimization of forest-based biorefinery supply chains for bioenergy and biofuel 
production. Chemical Engineering Research and Design, 107, 218–235. 
doi:10.1016/j.cherd.2015.10.040   
Chen, X., & Önal, H. (2014). An Economic Analysis of the Future U.S. Biofuel Industry, 
Facility Location, and Supply Chain Network. Transportation Science, 48(4), 575–591. 
doi:10.1287/trsc.2013.0488   
COM(2000) 769. COMMUNICATION FROM THE COMMISSION Green Paper - 
Towards a European strategy for the security of energy supply. Retrieved from 
http://aei.pitt.edu/1184/1/enegy_supply_security_gp_COM_2000_769.pdf  
COM(2001) 264. COMMUNICATION FROM THE COMMISSION a sustainable Europe 
for a better world: A European Union strategy for sustainable development. Retrieved 
from europa.eu.int/eur-lex/en/com/cnc/2001/com2001_0264en01.pdf  
Conclusion and aspects of future work 
 
64 
 
COM(2001) 547. COMMUNICATION FROM THE COMMISSION TO THE 
EUROPEAN PARLIAMENT, THE COUNCIL, THE ECONOMIC AND SOCIAL 
COMMITTEE AND THE COMMITTEE OF THE REGIONS on alternative fuels for 
road transportation and on a set of measures to promote the use of biofuels. Retrieved 
from http://eur-lex.europa.eu/LexUriServ/site/en/com/2001/com2001_0547en01.pdf  
COM(2012) 595. DIRECTIVE OF THE EUROPEAN PARLIAMENT AND OF THE 
COUNCIL amending Directive 98/70/EC relating to the quality of petrol and diesel 
fuels and amending Directive 2009/28/EC on the promotion of the use of energy from 
renewable sources. Retrieved from 
http://ec.europa.eu/clima/policies/transport/fuel/docs/com_2012_595_en.pdf  
COM(97) 599. COMMUNICATION FROM THE COMMISSION energy for the future: 
Renewable sources of energy white paper for a Community Strategy and Action Plan. 
Retrieved from http://europa.eu/documents/comm/white_papers/pdf/com97_599_en.pdf  
Čuček, L., & Kravanja, Z. (2010). Sustainable LCA-based MINLP Synthesis of Bioethanol 
Processes. In S. Pierucci & G. B. Ferraris (Eds.), 20th European Symposium on 
Computer Aided Process Engineering - ESCAPE20 . 
Čuček, L., Klemeš, J. J., Varbanov, P. S., & Kravanja, Z. (2013). Dealing with High-
Dimensionality of Criteria in Multiobjective Optimization of Biomass Energy Supply 
Network. Industrial & Engineering Chemistry Research, 52(22), 7223–7239. 
doi:10.1021/ie302599c   
Čuček, L., Lam, H. L., Klemes, J. J., Varbanov, P. S., & Kravanja, Z. (2010). Synthesis of 
networks for the production and upply of renewable energy from biomass. Chemical 
Engineering Transactions, 21, 1189–1194. doi:10.3303/CET1021199   
Dal Mas, M., Giarola, S., Zamboni, A., & Bezzo, F. (2010). Capacity planning and 
financial optimization of the bioethanol supply chain under price uncertenty. In S. 
Pierucci & G. B. Ferraris (Eds.), 20th European Symposium on Computer Aided 
Process Engineering - ESCAPE20 . 
Dinh, L. T., Guo, Y., & Mannan, M. S. (2009). Sustainability evaluation of biodiesel 
production using multicriteria decision-making. Environmental Progress & Sustainable 
Energy, 28(1), 38–46. doi:10.1002/ep.10335   
EBTP. (2015). European Biofuel Technology Platform. Retrieved from 
http://www.biofuelstp.eu/btl.html  
EIA. (2013). U.S. Energy Information Administration: International Energy Outlook 2013. 
Retrieved from http://www.eia.gov/forecasts/ieo/pdf/0484%282013%29.pdf  
Elia, J. A., & Floudas, C. A. (2014). Energy Supply Chain Optimization of Hybrid 
Feedstock Processes: A Review. Annual Review of Chemical and Biomolecular 
Engineering, 5(1), 147–179. doi:10.1146/annurev-chembioeng-060713-040425   
Elkington, J. (1994). Towards the Sustainable Corporation: Win-Win-Win Business 
Strategies for Sustainable Development. California Management Review, 36(2), 90–
100. 
Conclusion and aspects of future work 
 
65 
 
FNR. (2015). Basisdaten Bioenergy. Retrieved from 
http://fnr.de/basisdaten/bioenergie/biokraftstoffe.html  
Gebreslassie, B. H., Yao, Y., & You, F. (2012). Design under uncertainty of hydrocarbon 
biorefinery supply chains: Multiobjective stochastic programming models, 
decomposition algorithm, and a Comparison between CVaR and downside risk. AIChE 
Journal, 58(7), 2155–2179. doi:10.1002/aic.13844   
Giarola, S., Bezzo, F., & Shah, N. (2013). A risk management approach to the economic 
and environmental strategic design of ethanol supply chains. Biomass and Bioenergy, 
58, 31–51. doi:10.1016/j.biombioe.2013.08.005   
Giarola, S., Shah, N., & Bezzo, F. (2012). A comprehensive approach to the design of 
ethanol supply chains including carbon trading effects. Bioresource Technology, 107(0), 
175–185. doi:10.1016/j.biortech.2011.11.090   
Gonela, V., Zhang, J., & Osmani, A. (2015). Stochastic optimization of sustainable 
industrial symbiosis based hybrid generation bioethanol supply chains. Computers & 
Industrial Engineering, 87, 40–65. doi:10.1016/j.cie.2015.04.025   
Gonela, V., Zhang, J., Osmani, A., & Onyeaghala, R. (2015). Stochastic optimization of 
sustainable hybrid generation bioethanol supply chains. Transportation Research Part E: 
Logistics and Transportation Review, 77, 1–28. doi:10.1016/j.tre.2015.02.008   
Gunnarsson, H., Rönnqvist, M., & Lundgren, J. T. (2004). Supply chain modelling of 
forest fuel. European Journal of Operational Research, 158(1), 103–123. 
doi:10.1016/S0377-2217(03)00354-0   
Hombach, L. E., & Walther, G. (2015). Pareto-efficient legal regulation of the (bio)fuel 
market using a bi-objective optimization model. European Journal of Operational 
Research, 245(1), 286–295. doi:10.1016/j.ejor.2015.02.039   
Hombach, L. E., & Walther, G. (2016). Robust investment decision for hybrid biofuel 
supply chains under consideration of different risk attitudes and uncertain political 
regulations. submitted, 
Hombach, L. E., Büsing, C., & Walther, G. (2016). Robust and sustainable supply chains 
under market uncertainties and different risk attitudes - a case study of the German 
biodiesel market. submitted, 
Hombach, L. E., Cambero, C., Sowlati, T., & Walther, G. (2016). Optimal design of 
supply chains for second generation biofuels incorporating European biofuel 
regulations. Journal of Cleaner Production, 133, 565–575. 
doi:10.1016/j.jclepro.2016.05.107   
Iddrisu, A., Zhang, J., Osmani, A., Bachkar, K., Malm, J., & Yakubu, M. (2015). Financial 
Hedging and Sustainability Modeling Considering Uncertainties: A Case Study of 
Ethanol Supply Chain. Journal of Management and Sustainability, 5(2). 
doi:10.5539/jms.v5n2p1   
IEA. (2011). International Energy Agency: Technology Roadmap Biofuels for Transport. 
Retrieved from 
http://www.iea.org/publications/freepublications/publication/biofuels_roadmap.pdf  
Conclusion and aspects of future work 
 
66 
 
IEA. (2012). International Energy Agency: CO2 EMISSIONS FROM FUEL 
COMBUSTION HIGHLIGHTS. Retrieved from 
http://www.iea.org/publications/freepublications/publication/CO2emissionfromfuelcom
bustionHIGHLIGHTS.pdf  
Kostin, A. M., Guillén-Gosálbez, G., Mele, F. D., Bagajewicz, M. J., & Jiménez, L. 
(2012). Design and planning of infrastructures for bioethanol and sugar production 
under demand uncertainty. Chemical Engineering Research and Design, 90(3), 359–
376. doi:10.1016/j.cherd.2011.07.013   
Kostin, A., Guillén-Gosálbez, G., Mele, F. D., & Jiménez, L. (2012). Identifying Key Life 
Cycle Assessment Metrics in the Multiobjective Design of Bioethanol Supply Chains 
Using a Rigorous Mixed-Integer Linear Programming Approach. Industrial & 
Engineering Chemistry Research, 51(14), 5282–5291. doi:10.1021/ie2027074   
Lee, J. H. (2014). Energy supply planning and supply chain optimization under 
uncertainty. Journal of Process Control, 24(2), 323–331. 
doi:10.1016/j.jprocont.2013.09.025   
Liu, Z., Qiu, T., & Chen, B. (2014). A study of the LCA based biofuel supply chain multi-
objective optimization model with multi-conversion paths in China. Applied Energy, 
126, 221–234. doi:10.1016/j.apenergy.2014.04.001   
Marufuzzaman, M., Ekşioğlu, S. D., & Hernandez, R. (2014). Environmentally Friendly 
Supply Chain Planning and Design for Biodiesel Production via Wastewater Sludge. 
Transportation Science, 140527114159003. doi:10.1287/trsc.2013.0505   
Marufuzzaman, M., Eksioglu, S. D., & Huang, Y. (2014). Two-stage stochastic 
programming supply chain model for biodiesel production via wastewater treatment. 
Computers & Operations Research, 49, 1–17. doi:10.1016/j.cor.2014.03.010   
Marufuzzaman, M., Eksioglu, S. D., Li, X., & Wang, J. (2014). Analyzing the impact of 
intermodal-related risk to the design and management of biofuel supply chain. 
Transportation Research Part E: Logistics and Transportation Review, 69, 122–145. 
doi:10.1016/j.tre.2014.06.008   
Mazzetto, F., Simoes-Lucas, G., Ortiz-Gutiérrez, R. A., Manca, D., & Bezzo, F. (2015). 
Impact on the optimal design of bioethanol supply chains by a new European 
Commission proposal. Chemical Engineering Research and Design, 93, 457–463. 
doi:10.1016/j.cherd.2014.05.006   
Mele, F. D., Kostin, A. M., Guillén-Gosálbez, G., & Jiménez, L. (2011). Multiobjective 
Model for More Sustainable Fuel Supply Chains. A Case Study of the Sugar Cane 
Industry in Argentina. Industrial & Engineering Chemistry Research, 50(9), 4939–4958. 
doi:10.1021/ie101400g   
Meyer, A. de, Cattrysse, D., Rasinmäki, J., & van Orshoven, j. (2014). Methods to 
optimise the design and management of biomass-for-bioenergy supply chains: A 
review. Renewable and Sustainable Energy Reviews, 31, 657–670. 
doi:10.1016/j.rser.2013.12.036   
Conclusion and aspects of future work 
 
67 
 
Osmani, A., & Zhang, J. (2014). Economic and environmental optimization of a large scale 
sustainable dual feedstock lignocellulosic-based bioethanol supply chain in a stochastic 
environment. Applied Energy, 114, 572–587. doi:10.1016/j.apenergy.2013.10.024   
Paolucci, N., Bezzo, F., & Tugnoli, A. (2016). A two-tier approach to the optimization of a 
biomass supply chain for pyrolysis processes. Biomass and Bioenergy, 84, 87–97. 
doi:10.1016/j.biombioe.2015.11.011   
Rockafellar, R. T., & Royset, J. O. (2015). Risk Measures in Engineering Design under 
Uncertainty. 12th International Conference on Applications of Statistics and Probility in 
Civil Engineering, ICASP12, 
Santibañez-Aguilar, J. E., González-Campos, J. B., Ponce-Ortega, J. M., Serna-González, 
M., & El-Halwagi, M. M. (2014). Optimal planning and site selection for distributed 
multiproduct biorefineries involving economic, environmental and social objectives. 
Journal of Cleaner Production, 65, 270–294. doi:10.1016/j.jclepro.2013.08.004   
Schatka, A. (2011). Strategische Netzwerkgestaltung in der Prozessindustrie: Eine 
Untersuchung am Beispiel der Produktion von synthetischen Biokraftstoffen (1. Aufl). 
Gabler Research. Wiesbaden: Gabler. Retrieved from 
http://books.google.de/books?id=\_TodAf9Uj6gC  
Schmidt, J., Gass, V., & Schmid, E. (2011). Land use changes, greenhouse gas emissions 
and fossil fuel substitution of biofuels compared to bioelectricity production for electric 
cars in Austria. Biomass and Bioenergy, 35(9), 4060–4074. 
doi:10.1016/j.biombioe.2011.07.007   
Schmidt, J., Leduc, S., Dotzauer, E., & Schmid, E. (2011). Cost-effective policy 
instruments for greenhouse gas emission reduction and fossil fuel substitution through 
bioenergy production in Austria. Energy Policy, 39(6), 3261–3280. 
doi:10.1016/j.enpol.2011.03.018   
Seay, J. R., & Badurdeen, F. F. (2014). Current trends and directions in achieving 
sustainability in the biofuel and bioenergy supply chain. Current Opinion in Chemical 
Engineering, 6, 55–60. doi:10.1016/j.coche.2014.09.006   
Seuring, S., & Müller, M. (2008). From a literature review to a conceptual framework for 
sustainable supply chain management. Journal of Cleaner Production, 16(15), 1699–
1710. doi:10.1016/j.jclepro.2008.04.020   
Sharma, B., Ingalls, R. G., Jones, C. L., & Khanchi, A. (2013). Biomass supply chain 
design and analysis: Basis, overview, modeling, challenges, and future. Renewable and 
Sustainable Energy Reviews, 24, 608–627. doi:10.1016/j.rser.2013.03.049   
Soyster, A. L. (1973). Convex Programming with Set-Inclusive Constraints and 
Applications to Inexact Linear Programming. Operations Research, 21(5), 1154–1157. 
SWD(2012) 343. COMMISSION STAFF WORKING DOCUMENT IMPACT 
ASSESSMENT Accompanying the document Proposal for a Directive of the European 
Parliament and of the Council amending Directive 98/70/EC relating to the quality of 
petrol and diesel fuels and amending Directive 2009/28/EC on the promotion of the use 
Conclusion and aspects of future work 
 
68 
 
of energy from renewable sources. Retrieved from http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=SWD:2012:0343:FIN:EN:PDF  
Tong, K., Gleeson, M. J., Rong, G., & You, Y. (2014). Optimal design of advanced drop-in 
hydrocarbon biofuel supply chain integrating with existing petroleum refineries under 
uncertainty. Biomass and Bioenergy, 60, 108–120. doi:10.1016/j.biombioe.2013.10.023   
Tong, K., You, F., & Rong, G. (2014). Robust design and operations of hydrocarbon 
biofuel supply chain integrating with existing petroleum refineries considering unit cost 
objective. Computers & Chemical Engineering, 68, 128–139. 
doi:10.1016/j.compchemeng.2014.05.003   
Trippe, F., Fröhling, M., Schultmann, F., Stahl, R., Henrich, E., & Dalai, A. (2013). 
Comprehensive techno-economic assessment of dimethyl ether (DME) synthesis and 
Fischer–Tropsch synthesis as alternative process steps within biomass-to-liquid 
production. Fuel Processing Technology, 106(0), 577–586. 
doi:10.1016/j.fuproc.2012.09.029   
Walther, G., Schatka, A., & Spengler, T. S. (2012). Design of regional production 
networks for second generation synthetic bio-fuel – A case study in Northern Germany. 
European Journal of Operational Research, 218(1), 280–292. 
doi:10.1016/j.ejor.2011.09.050   
Wetterlund, E., Leduc, S., Dotzauer, E., & Kindermann, G. (2013). Optimal use of forest 
residues in Europe under different policies e second generation biofuels versus 
combined heat and power. Biomass Conversion and Biorefinery, 3(1), 3–16. 
doi:10.1007/s13399-012-0054-2   
WWF. (2006). Sustainability Standards for Bioenergy. Retrieved from 
http://www.biofuelstp.eu/downloads/WWF_Sustainable_Bioenergy_final_version.pdf  
Xie, F., & Huang, Y. (2013). Sustainable Biofuel Supply Chain Planning and Management 
Under Uncertainty. Transportation Research Record: Journal of the Transportation 
Research Board, 2385, 19–27. doi:10.3141/2385-03   
Yue, D., You, F., & Snyder, S. W. (2014). Biomass-to-bioenergy and biofuel supply chain 
optimization: Overview, key issues and challenges. Computers & Chemical 
Engineering, 66, 36–56. doi:10.1016/j.compchemeng.2013.11.016   
Zamboni, A., Bezzo, F., & Shah, N. (2009). Spatially Explicit Static Model for the 
Strategic Design of Future Bioethanol Production Systems. 2. Multi-Objective 
Environmental Optimization. Energy & Fuels, 23(10), 5134–5143. 
doi:10.1021/ef9004779   
Zamboni, A., Shah, N., & Bezzo, F. (2009). Spatially Explicit Static Model for the 
Strategic Design of Future Bioethanol Production Systems. 1. Cost Minimization. 
Energy & Fuels, 23(10), 5121–5133. doi:10.1021/ef900456w   
Zhang, J., Osmani, A., Awudu, I., & Gonela, V. (2013). An integrated optimization model 
for switchgrass-based bioethanol supply chain. Applied Energy, 102(0), 1205–1217. 
doi:10.1016/j.apenergy.2012.06.054   
Conclusion and aspects of future work 
 
69 
 
Zhong, J., yu, T. E., Eglish, B., & Larson, J. (2015). Environmental ad economic trade-off 
of stwischgrass supply chain for biofuel in Tennessee. Selected Paper prepared for 
presentaton at the Southern Agricultural Economics Association's 2015 Annual 
Meeting. Atlanta, Georgia, Jannuary 31-February 3, 2015, 
Zimmermann, H.-J. (2001). Fuzzy Set Theory—and Its Applications. Dordrecht: Springer 
Netherlands.  
Appendix 
 
A-1 
 
Appendix 
A Optimal design of supply chains for second-generation biofuel incorporating 
European biofuel regulations 
A.1 Abstract 
Expected changes in European biofuel regulations lead to uncertainty in supply chain 
planning for second generation biofuel industries. Previous studies used optimization to 
design biofuels’ supply chains and a few of them analyzed the impact of selected biofuel 
policy instruments on sustainability targets. This study presents a mixed integer 
programming model for the optimal design of second generation biofuel supply chains 
considering all policy instruments of European biofuel regulations. The model maximizes 
the net present value of second generation biofuel supply chains considering time-
dependent quotas for biofuel market shares and greenhouse gas emission savings. The 
model includes multiple counting of second generation biofuel towards meeting biofuel 
market share targets and captures all greenhouse gas emissions of the second generation 
biofuel supply chain including land use change emissions. We demonstrated the use of the 
model through the case study of second generation biodiesel in a German region, and 
evaluated the sensitivity of the optimal solution to model parameters and policy 
instruments’ levels. A set of remarks were made regarding the impact of policy instruments 
on the performance of second generation biodiesel supply chain under study. Future work 
entails the application of the analysis to the aggregate level in the European Union. 
Keywords: Second generation biofuel, biofuels policy, supply chain optimization, 
sustainability, mixed integer programming 
A.2 Introduction 
In 2012, transportation accounted for 25% of the energy consumed globally (EIA, 2013) 
and generated 22% of the global anthropogenic CO2 emissions (IEA, 2012). The largest 
emitter within the transportation sector was road transportation, with 75% of the emissions 
(IEA, 2012). An option to reduce carbon emissions is to increase the use of biofuels for 
road transportation (European Commission, 1997). Two main types of biofuels exist: first 
and second generation biofuels. First generation biofuels are produced from agricultural 
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crops such as corn and sugar cane that can be used by the food/fodder industry which may 
lead to social problems such as rising food prices and food insecurity (WWF, 2006). 
Furthermore, the increased production of first generation biofuels may lead to land use 
changes, which could cause ecological harms such as deforestation and biodiversity loss 
(WWF, 2006). Second generation biofuels are made from lignocellulosic biomass such as 
forest and agricultural residues and short rotation forestry crops (e.g. poplar) and perennial 
grasses (e.g. miscanthus) (Naik et al., 2010). They generate less life cycle greenhouse gas 
(GHG) emissions than first generation biofuels (European Commission, 2014), and when 
residual biomass feedstock is used for their production, no land use changes occur. 
Consequently, the blend of second generation biofuels into final biofuel products could 
help reduce transportation-related GHG emissions, food vs. fuel competition, and land use 
changes. 
In the European Union, biofuel regulation was introduced in 1997 to support the 
development of the biofuel industry. The regulation started by determining a minimal 
market share for biofuels, and triggered the installation of first generation biofuel plants 
across Europe. However, since complex interactions and unexpected effects became 
evident (e.g. land use change, increasing market prices of food, limited CO2 reduction 
potential), increased interest for the production of second generation biofuels emerged.  
Despite the interest for second generation biofuels and their potential sustainability 
advantages, new investors have no economic incentive to produce them because their 
production is more expensive than that of first generation biofuels and fossil fuels (Arnold 
et al., 2011). Also, the installation of second generation biofuel plants requires new 
investor groups entering to the market, potentially leading to a market competition between 
first and second generation biofuels. Thus, to support the investment in second generation 
biofuel plants, European biofuel regulations have evolved and more legal instruments have 
been introduced progressively (see Table A - 1).  
 
 
 
Appendix 
 
A-3 
 
Table A - 1 Development of European biofuel regulations 
Policy 
instruments 
Previous regulations 
Current 
regulation 
Proposed modifications 
COM(97)599 COM 
(2000)769 
COM 
(2001)264 
COM(2001)547 
2003/30/EC 
2009/28/EC 
2009/30/EC 
COM(2012)595 2012/0288(COD) 
Total 
biofuel 
market 
share 
6% in 2010 
7% in 2010 
20% in 2020 
2% in 2005 
5.75% in 2010 
2% in 2014 
4% in 2017 
6% in 2020 
6% in 2020 6% in 2020 
Multiple 
counting of 
second  
generation 
biofuels 
   double 
double to four 
times 
double to four 
times 
GHG 
emission 
savings 
quota 
   
35% in 
2009 
50% in 
2017 
60% in 
2018 
60% in 2014 
35% in 2017 
60% in 2018 
Land use 
change 
GHG 
emissions 
accounting 
   
GHG 
emissions 
from dLUC 
with bonus 
for biomass 
cultivated 
on fallow 
land 
GHG emissions 
from dLUC 
without bonuses 
GHG emissions 
from dLUC and 
iLUC without 
bonuses 
Max. market 
share for 
first 
generation 
biofuels 
    5% in 2020 5.5% in 2020 
Min. market 
share for 
second 
generation 
biofuels 
     2% in 2020 
dLUC  refers to direct land use changes which appear if non-agricultural land is transformed into agricultural land for the 
production of energy crops; iLUC refers to indirect land use changes that appear when the usage of an existing 
agricultural land is changed. 
 
Today, six legal instruments are combined in current European biofuel regulations 
(2009/28/EC (European Parliament and Council of the European Union, 2009a) and 
2009/30/EC (European Parliament and Council of the European Union, 2009b)) and in 
proposed future regulations (COM(2012)595 (European Commission, 2012a) and 
2012/0288(COD) (European Commission, 2012b)): (1) total market share quota for 
biofuels; (2) multiple counting of second generation biofuels in the calculation of this 
quota; (3) GHG emission saving quota for the final fuel blend; (4) accounting of land use 
change GHG emissions; (5) maximum market share quota for first generation biofuels; and 
(6) minimum market share quota for second generation biofuels.  
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The changing context of biofuel regulations in Europe leads to uncertainty in supply chain 
planning for investors in the second generation biofuel industry (e.g. EBTP-SABS 
(2015)).Therefore, a thorough analysis of the impacts of biofuel regulations and the 
different policy instruments on the design and performance of second generation biofuel 
supply chains is needed.  
Based on the assumption that sufficient infrastructure is in place for the production of first 
generation biofuels in Europe, this paper aims at developing a model for the analysis of the 
potential effects of European policy instruments and biofuel regulations on the optimal 
design and performance of second generation biofuel supply chains over a medium-term 
planning horizon. The efficacy of regulations in achiving the intended sustainability targets 
through the production of second generation biofuels (e.g. carbon savings and land use 
change prevention) is analysed and the effect of regulations on investment decisions and 
profit of corporations.  
Numerous studies used mixed integer programming (MIP) models for the design of 
economically-optimal biofuel supply chains advising decisions such as the combination of 
biomass types, conversion technologies and biofuel products, the location of biomass 
sources, conversion plants and biofuel markets (e.g. Walther et al., 2012; Giarola et al., 
2012; Schmidt et al., 2011b). In addition, there are models focusing on national (Hombach 
and Walther, 2015) or regional biofuel supply chains (Cucek et al., 2012). Thorough 
reviews of such works have been published elsewhere (e.g. Iakovou et al., 2010; Gold and 
Seuring, 2011; Shabani et al., 2013; Sharma et al., 2013; Cambero and Sowlati, 2014; 
Mafakheri and Nasiri, 2014; Yue et al., 2014). Those studies considered technical and 
economic factors, but only a few included environmental and regulatory factors to model 
the effect of biofuel policy and regulations on the design and performance of biofuel 
supply chains. For example, some studies considered second generation biofuel production 
targets and market share quotas in the biofuel demand definition for the design of biofuel 
supply chains (e.g. Schmidt et al., 2011a; Giarola et al., 2012; Chen and Onal, 2014). 
Multiple counting of second generation biofuel in the design of a biofuel supply chain was 
considered by Mazzetto et al. (2014) to assess the effect of a biofuel policy proposal on 
sustainability indicators. In some studies, the life cycle GHG emissions of biofuels was 
quantified to either analyze the environmental performance of the entire supply chain 
under different policy scenarios (e.g. different levels of carbon taxes, emission certificates, 
incentives and market share quotas Schmidt et al., 2011a; Schmidt et al., 2011b; 
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Wetterlund et al., 2013), to include an environmental optimization objective that supports 
the evaluation of sustainability trade-offs in the design of biofuel supply chains (Giarola et 
al., 2012; Akgul et al., 2012; Cucek et al. 2010), or to analyze the effect of different 
carbon-related policy mechanisms such as carbon cap, carbon tax, carbon cap and trade 
and carbon offset on the optimal design of biofuel supply chains (Marufuzzaman et al., 
2014). There are only few publications considering the EU GHG emission saving targets 
within their optimization model estimating the life cycle GHG emission of the biofuel 
supply chain (e.g. Bernardi et al., 2013; Giarola et al., 2013). However,these studies did 
not consider emissions related to land use change as required by the EU. The modeling of 
GHG emissions related to direct and indirect land use changes associated with biofuel 
production is still undeveloped. Most previous papers avoided accounting for land use 
change GHG emissions by adding a constraint to restrict the land area available for energy 
crop production right from the start (e.g. Akgul et al., 2012). One exception is Cucek and 
Kravanja’s work (2010) that integrated the minimization of indirect land use change as an 
additional objective into their optimization model, but they did not consider direct land use 
change within their study. Until now, there has been no study integrating the six policy 
instruments of European biofuel regulations mentioned above in the optimal design of 
second generation biofuel supply chains.  
In this paper, we consider the complete set of instruments of current and proposed 
European biofuel regulations in the cost-efficient design of a second generation biofuel 
supply chain. We developed a multi-period MIP model that prescribes the most profitable 
design of a second generation biofuel supply chain, and allows the use of currently 
produced first generation biofuel as a complement to fulfill the demand as long as the 
applicable biofuel regulation is met and there is an economical advantage to use first 
generation biofuel. European regulations are binding at a continent level, however, to 
demonstrate the applicability of the model, we analyze the influence of the current 
regulations (2009/28/EC and 2009/30/EC) and the two modifications proposed in 2012 
(COM(2012)595 and 2012/0288(COD)) on the sustainability of a second generation 
biofuel supply chain in the region of the Rhineland-Palatinate in Germany. For this 
demonstrative case study, we analyze three different scenarios, each one based on a 
different biofuel regulation, and quantify the associated net present value (NPV), required 
land use changes, and avoided GHG emissions. We perform a sensitivity analysis to 
evaluate the effect of changes in model parameters and different levels of policy 
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instruments on the profitability of the second generation biofuel supply chain in the region 
under study. 
A.3 Methodology 
A.3.1 Model formulation 
The proposed model maximizes the NPV of supplying second generation biofuel to fulfill 
the total biofuel demand in a region, assuming that there is first generation biofuel 
available to complement the demand when economically appropriate, as long as biofuel 
regulatory constraints are met. It is assumed that new plants for second generation biofuel 
are to be installed and that the first generation biofuel plants are already in place. The 
model determines the types and sources of biomass to supply to each second generation 
biofuel plant; the number, type, capacity and location of intermediate and final conversion 
facilities for the production of second generation biofuel, the amount of first generation 
biofuel required to complement the biofuel demand; and the annual flows of biomass, 
intermediate product and biofuel within the supply chain nodes. Figure A - 1 presents the 
supply chain modeled in this study.  
 
Figure A - 1 Schematic of the second generation biofuel supply chain 
The maximization of the NPV of the supply chain design is constrained by the policy 
instruments in Table A - 1, available lignocellulosic biomass (which can be residual 
biomass or cultivated biomass, e.g. short rotation lignocellulosic crops), and conversion 
facilities’ capacity. The multi-period structure of the model allows the consideration of 
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scenarios related to biomass supply, biofuel demand and policy regulation targets. Table A 
- 2 presents the notation of the model.  
Table A - 2 Notation table 
Sets and indices 
T Set of periods; index t ∈ T 
𝐴 Set of original land use types; index 𝑎 ∈ 𝐴 
𝐹 Set of biomass types; index 𝑓 ∈ 𝐹 
𝐼 Set of biomass sources; index 𝑖 ∈ 𝐼 
𝐽 Set of potential locations; indices  𝑗, 𝑘 ∈ 𝐽  
𝐿 Set of technologies; indices 𝑙, 𝑛 ∈ 𝐿 
𝑀 Set of markets; index 𝑚 ∈ 𝑀 
Parameters 
𝜆𝑙  Allocation factor for the emissions of producing second generation biofuel with technology 𝑙  
𝜙𝑎𝑖 Available area of land use 𝑎 at source 𝑖 (ha) 
𝜇𝑙  Capacity of technology 𝑙 (tonnes of output) 
𝜑𝑓𝑖𝑡  Cost of producing (cultivating, harvesting and/or collecting) biomass 𝑓 from source 𝑖 in period 𝑡 
(€/tonne) 
𝜂𝑓𝑖𝑗
𝐵𝑚 Cost of transporting biomass 𝑓 from source 𝑖 to location 𝑗 (€/tonne) 
𝜂𝑗𝑘
𝐼𝑛𝑡 Cost of transporting intermediate product from location 𝑗 to location 𝑘 (€/tonne) 
𝜂𝑗𝑚
2𝑛𝑑 Cost of transporting second generation biofuel from location 𝑗 to market 𝑚 (€/tonne) 
𝜁𝑙 Fixed operation cost of technology 𝑙 (€/year) 
𝜉𝑙 Variable operation cost of technology 𝑙 (€/tonne of input) 
𝜗𝑓  Counting coefficient of second generation biofuel 
𝑑𝑚𝑡 Demand for final fuel blend in market 𝑚 in period 𝑡 (tonnes) 
𝜔1𝑠𝑡  Fossil fuel equivalence of first generation biofuel (tonnes of fossil fuel/tonne of first generation biofuel) 
𝜔2𝑛𝑑  Fossil fuel equivalence of second generation biofuel (tonnes of fossil fuel/tonne of second generation 
biofuel) 
𝑒𝑓𝑎
𝑏𝑜𝑛𝑢𝑠 GHG emission bonus if the additional area used for the production of biomass 𝑓 is from land use 𝑎 (kg 
CO2-eq/ha) 
𝑒𝑓𝑎𝑙𝑡
𝑖𝐿𝑈𝐶 GHG emissions of the indirect land use change associated with producing biomass 𝑓 on area with 
original land use type 𝑎 to be transformed and used in technology 𝑙 during period 𝑡 (kg CO2-eq/ha) 
𝑒𝑓
𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝐿𝑈
 GHG emissions associated with land use if biomass 𝑓 is produced (kg CO2-eq/ha) 
𝑒𝑓
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙𝐿𝑈
 GHG emissions associated with original land use type 𝑎 (kg CO2-eq/ha) 
𝑒𝑓
𝑝𝑟𝑜𝑑𝐵𝑚
 GHG emissions from the production (cultivation, harvesting and/or collection) of biomass f (kg CO2-
eq/tonne) 
𝑒𝑓
𝑝𝑟𝑜𝑑2𝑛𝑑&𝐼𝑛𝑡
 GHG emissions from the production of second generation biofuel or intermediate product with 
technology 𝑙 (kg CO2-eq/tonne of input) 
𝑒𝑖𝑗
𝑡𝑟𝑎𝑛𝐵𝑚 GHG emissions from the transportation of biomass from source 𝑖 to location 𝑗 (kg CO2-eq/tonne) 
𝑒𝑗𝑘
𝑡𝑟𝑎𝑛𝐼𝑛𝑡  GHG emissions from the transportation of intermediate product from location 𝑗 to location 𝑘 (kg CO2-
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eq/tonne) 
𝑒𝑗𝑚
𝑡𝑟𝑎𝑛2𝑛𝑑  GHG emissions from the transportation of second generation biofuel from location 𝑗 to market 𝑚 (kg 
CO2-eq/tonne) 
𝑒𝑢𝑠𝑒2𝑛𝑑  GHG emissions from the final use of second generation biofuel (kg CO2-eq/tonne) 
𝜓𝑙 Investment cost required for the installation of technology 𝑙 (€) 
ε1𝑠𝑡  Life cycle GHG emissions of first generation biofuel (kg CO2-eq/tonne) 
𝜀𝐹𝑜𝑠𝑠𝑖𝑙  Life cycle GHG emissions of fossil fuel (kg CO2-eq/tonne) 
𝛽𝑡
1𝑠𝑡  Maximum market share of first generation biofuel in period 𝑡  
𝛽𝑡
2𝑛𝑑  Maximum market share of second generation biofuel in period 𝑡  
𝜌𝑡 Minimum GHG emissions saving quota for period 𝑡  
𝜏𝑡  Minimum market share of biofuel (first and second generation) in period 𝑡  
𝛼𝑡
1𝑠𝑡  Minimum market share of first generation biofuel in period 𝑡  
𝛼𝑡
2𝑛𝑑  Minimum market share of second generation biofuel in period 𝑡  
𝑝𝑡
2𝑛𝑑 Selling price of second generation biofuel in period 𝑡 (€/tonne) 
𝑝𝑡
𝐵𝑦
 Selling price of by-product in period 𝑡 (€/tonne)  
𝜎𝑓𝑖𝑎  Yield of producing (harvesting/collecting) biomass 𝑓 at area 𝑎 at source 𝑖 (tonnes/ha) 
𝛾𝑓𝑙
2𝑛𝑑,𝐵𝑚
 Yield of producing second generation biofuel from biomass 𝑓 with technology 𝑙 (tonnes of biofuel/tonne 
of biomass) 
𝛾𝑙
2𝑛𝑑,𝐼𝑛𝑡  Yield of second generation biofuel from intermediate product with technology 𝑙 (tonnes of second 
generation biofuel/tonne of intermediate product) 
𝛾𝑓𝑙
𝐵𝑦,𝐵𝑚
 Yield of  producing second generation biofuel by-product from biomass 𝑓 with technology 𝑙 (tonnes of 
by-product/tonne of biomass) 
𝛾𝑙
𝐵𝑦,𝐼𝑛𝑡
 Yield of producing second generation biofuel by-product from intermediate product with technology 𝑙 
(tonnes of by-product/tonne of intermediate product) 
𝛾𝑓𝑙
𝐼𝑛𝑡,𝐵𝑚
 Yield of producing intermediate product from biomass 𝑓 with technology 𝑙 (tonnes of intermediate 
product/tonne of biomass) 
Θ Interest rate  
Decision variables 
𝐸𝑓𝑡
2𝑛𝑑 Auxiliary variable: Calculated life cycle GHG emissions of second generation biofuel in period 𝑡 (kg 
CO2-eq) 
𝐸𝑓𝑎𝑙𝑡
𝑑𝐿𝑈𝐶 Auxiliary variable: Calculated GHG emissions from the direct land use change associated with 
producing biomass 𝑓 on area with original land use type 𝑎 to be transformed and used in technology 𝑙 in 
period 𝑡 (kg CO2-eq) 
𝐸𝑓𝑎𝑙𝑡
𝑡𝑜𝑡𝑎𝑙𝐿𝑈𝐶 Auxiliary variable: Calculated GHG emissions from the total land use changes associated with  
producing biomass 𝑓 on area with original land use type 𝑎 to be transformed and used in technology 𝑙 in 
period 𝑡 (kg CO2-eq) 
𝐻𝑎𝑖𝑓𝑙𝑡 Area of original land use type 𝑎 in source 𝑖 to be transformed for the cultivation of biomass 𝑓 and used 
in technology 𝑙 in period 𝑡 (ha) 
𝑄𝑗𝑙𝑡 Binary: 1 if technology 𝑙 is installed at location 𝑗 in period 𝑡; 0 else (0;1) 
𝑈𝑓𝑖𝑗𝑙𝑡 Mass of biomass 𝑓 produced in source 𝑖 and transported to location j for transformation with technology 
𝑙 in period 𝑡 (tonne) 
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𝑉𝑓𝑗𝑙𝑘𝑛𝑡  Mass of intermediate product from biomass 𝑓 produced at location 𝑗 with technology l and transported to 
location 𝑘 and technology 𝑛 in period 𝑡 (tonne) 
𝑊𝑡 Mass of by-product produced in period 𝑡 (tonne) 
𝑋𝑓𝑗𝑙𝑚𝑡 Mass of second generation biofuel produced from biomass 𝑓 at location 𝑗 with technology 𝑙 and 
transported to market 𝑚 in period 𝑡 (tonnes) 
𝑌𝑚𝑡 Mass of first generation biofuel used in market 𝑚 in period 𝑡 (tonnes) 
𝑍𝑗𝑙𝑡  Integer: Denotes the number of production facilities using technology 𝑙 installed at location 𝑗 in period 𝑡, 
0 else (1,2,3…) 
 
The mathematical formulation of the proposed MIP model is as follows.  
Maximize 
∑
1
(1 + θ)t−1
t∈T  
∙ [∑ ∑∑ ∑ 𝑋𝑓𝑗𝑙𝑚𝑡 ∙ 𝑝𝑡
2𝑛𝑑 + 𝑊𝑡 ∙ 𝑝𝑡
𝐵𝑦
𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
− ∑∑𝑄𝑗𝑙𝑡 ∙ 𝜓𝑙
𝑙∈𝐿𝑗∈𝐽
− ∑ ∑∑∑(𝑈𝑓𝑖𝑗𝑙𝑡 ∙ 𝜑𝑓𝑖𝑡 + 𝑈𝑓𝑖𝑗𝑙𝑡 ∙ 𝜂𝑓𝑖𝑗
𝐵𝑚)
𝑙∈𝐿𝑗∈𝐽𝑖∈𝐼𝑓∈𝐹
− ∑ ∑∑∑∑𝑉𝑓𝑗𝑙𝑘𝑛𝑡 ∙ 𝜂𝑗𝑘
𝐼𝑛𝑡 − ∑ ∑∑ ∑ 𝑋𝑓𝑗𝑙𝑚𝑡 ∙ 𝜂𝑗𝑚
2𝑛𝑑
𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹𝑛∈𝐿𝑘∈𝐽𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
− ∑∑𝑍𝑗𝑙𝑡 ∙ 𝜁𝑙 − ∑ ∑∑∑∑∑(𝑈𝑓𝑖𝑗𝑙𝑡 + 𝑉𝑓𝑗𝑙𝑘𝑛𝑡) ∙ 𝜉𝑙
𝑛∈𝐿𝑘∈𝐽𝑙∈𝐿𝑗∈𝐽𝑖∈𝐼𝑓∈𝐹𝑙∈𝐿𝑗∈𝐽
] 
(A-1) 
The objective function (A-1) maximizes the NPV of the second generation biofuel supply 
chain with an interest rate of 𝜃 for a planning horizon of length T. The NPV calculation 
considers the revenue from the sales of the second generation biofuel (assuming a market 
price for second generation biofuel equivalent to the market price of currently sold first 
generation biofuel under no incentives or support) and by-product, the costs associated 
with capital investment, biomass production (cultivation, harvesting and/or collection), 
transportation (of biomass, intermediate product and second generation biofuel), fixed and 
variable operating costs. Since the model optimizes the production of second generation 
biofuel only, the objective function does not consider the price or cost of first generation 
biofuel. However, the use of first generation biofuel to complement the overall biofuel 
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demand is allowed in the demand constraints of the model if it fulfills the political 
regulations.  
Constraints on biomass supply  
∑ ∑𝐻𝑎𝑖𝑓𝑙𝑡
𝑙∈𝐿𝑓∈𝐹
≤ 𝜙𝑎𝑖     ∀𝑎 ∈ 𝐴; 𝑖 ∈ 𝐼; 𝑡 ∈ 𝑇 (A-2) 
∑𝑈𝑓𝑖𝑗𝑙𝑡
𝑗∈𝐽
= ∑(𝐻𝑎𝑖𝑓𝑙𝑡 ∙ 𝜎𝑓𝑖𝑎)
𝑎∈𝐴
    ∀𝑓 ∈ 𝐹; 𝑖 ∈ 𝐼; 𝑙 ∈ 𝐿; 𝑡 ∈ 𝑇 (A-3) 
Constraint (A-2) limits the area of each original land use type a in each source i that can be 
used for biomass supply. Note that the variable 𝐻𝑎𝑖𝑓𝑙𝑡 captures the selected area of each 
original land use type a that is used for the production of each type of feedstock f. Since 
constraint (A-2) does not restrict the production of any biomass type f  to any original land 
use type a, land use changes are allowed when a biomass f is produced on an original land 
use type a that was not intended for the production of that type of biomass f. Constraint (A-
3) shows that the amount of biomass of each type f supplied from a source i to all locations 
j is equal to the used area multiplied by its production yield.  
Constraints on the production of intermediate and final product 
∑∑𝑉𝑓𝑗𝑙𝑘𝑛𝑡
𝑛∈𝐿𝑘∈𝐽
= ∑𝑈𝑓𝑖𝑗𝑙𝑡
𝑖∈𝐼
∙ 𝛾𝑓𝑙
𝐼𝑛𝑡,𝐵𝑚    ∀𝑓 ∈ 𝐹; 𝑗 ∈ 𝐽, 𝑙 ∈ 𝐿, 𝑡
∈ 𝑇 
(A-4) 
∑ 𝑋𝑓𝑗𝑙𝑚𝑡
𝑚∈𝑀
= ∑∑𝑉𝑓𝑘𝑛𝑗𝑙𝑡 ∙ 𝛾𝑙
2𝑛𝑑,𝐼𝑛𝑡
𝑛∈𝐿𝑘∈𝐽
+ ∑𝑈𝑓𝑖𝑗𝑙𝑡 ∙
𝑖∈𝐼
𝛾𝑓𝑙
2𝑛𝑑,𝐵𝑚    
∀𝑓 ∈ 𝐹; 𝑗 ∈ 𝐽;  𝑙 ∈ 𝐿;  𝑡
∈ 𝑇 
(A-5) 
𝑊𝑡 = ∑ ∑∑(∑∑𝑉𝑓𝑘𝑛𝑗𝑙𝑡 ∙ 𝛾𝑙
𝐵𝑦,𝐼𝑛𝑡
𝑛∈𝐿𝑘∈𝐽
+ ∑𝑈𝑓𝑖𝑗𝑙𝑡 ∙
𝑖∈𝐼
𝛾𝑓𝑙
𝐵𝑦,𝐵𝑚)
𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
    ∀ 𝑡 ∈  𝑇 (A-6) 
Constraint (A-4) relates the amount of produced intermediate product to the amount of 
biomass that is used and the production yield of the technology. Constraint (A-5) 
establishes that the total amount of second generation biofuel is produced from the 
conversion of intermediate product (decentralized production) and from the direct 
conversion of biomass (centralized production), considering the production yield of each 
technology. Constraint (A-6) calculates the amount of by-product produced. 
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Constraints on plant throughput 
∑ ∑ 𝑋𝑓𝑗𝑙𝑚𝑡
𝑚∈𝑀𝑓∈𝐹
+ ∑ ∑∑𝑉𝑓𝑗𝑙𝑘𝑛𝑡
𝑛∈𝐿𝑘∈𝐽𝑓∈𝐹
≤ 𝜇𝑙 ∙ 𝑍𝑗𝑙𝑡     ∀𝑗 ∈ 𝐽, 𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇 (A-7) 
Constraint (A-7) states that the total throughput of each plant producing either second 
generation biofuel or intermediate product, cannot exceed the plant capacity (given in 
terms of product output). Integer variable 𝑍𝑗𝑙𝑡 in the right-hand side of constraint (A-7) 
denotes the number of technology l units that are installed and is in operation in each 
location during any given period.  
Constraints related to policy instruments 
∑ ∑∑𝑋𝑓𝑗𝑙𝑚𝑡
𝑙∈𝐿
∙
𝑗∈𝐽𝑓∈𝐹
𝜔2𝑛𝑑 ∙ 𝜗𝑓 + 𝑌𝑚𝑡 ∙ 𝜔
1𝑠𝑡 = 𝑑𝑚𝑡 ∙ 𝜏𝑡      ∀ 𝑚 ∈ 𝑀, 𝑡 ∈  𝑇 (A-8) 
𝑑𝑚𝑡 ∙ 𝛼𝑡
1𝑠𝑡 ≤ 𝑌𝑚𝑡 ∙ 𝜔
1𝑠𝑡 ≤ 𝑑𝑚𝑡 ∙ 𝛽𝑡
1𝑠𝑡    ∀ 𝑚 ∈ 𝑀, 𝑡 ∈ 𝑇 (A-9) 
𝑑𝑚𝑡 ∙ 𝛼𝑡
2𝑛𝑑 ≤ ∑ ∑∑𝑋𝑓𝑗𝑙𝑚𝑡
𝑙∈𝐿
∙
𝑗∈𝐽𝑓∈𝐹
𝜔2𝑛𝑑 ∙ 𝜗𝑓 ≤ 𝑑𝑚𝑡 ∙ 𝛽𝑡
2𝑛𝑑    ∀ 𝑚 ∈ 𝑀, 𝑡 ∈ 𝑇 (A-10) 
∑ 𝐸𝑓𝑡
2𝑛𝑑
𝑓∈𝐹
+ 𝜀1𝑠𝑡 ∙ 𝑌𝑚𝑡
≤ 𝜀𝐹𝑜𝑠𝑠𝑖𝑙 ∙ (1 − 𝜌𝑡) ∙ ( ∑ ∑∑𝑋𝑓𝑗𝑙𝑚𝑡
𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
∙ 𝜔2𝑛𝑑
+ 𝑌𝑚𝑡 ∙ 𝜔
1𝑠𝑡)     
∀ 𝑚 ∈ 𝑀, 
𝑡 ∈ 𝑇 
(A-11) 
Constraint (A-8) requires that a biofuel market share 𝜏𝑡 of the fuel demand is fulfilled by a 
blend of second and first generation biofuels in each market m and during each time period 
t. Blending equivalence coefficients 𝜔1𝑠𝑡 and 𝜔2𝑛𝑑 ensure that biofuel market shares are 
computed accurately, and the counting coefficient 𝜗𝑓 establishes the multiple counting of 
second generation biofuel in fulfilling the biofuel demand. Constraints (A-9) and (A-10) 
establish the minimum and maximum quotas of first and second generation biofuel that can 
be blended in the final fuel mix in each market m during each period t. Constraint (A-11) 
ensures that the total amount of GHG emissions from the produced second generation 
biofuel and the used first generation biofuel does not exceed the maximum amount of 
allowed GHG emissions. The maximum amount of allowed GHG emissions is given by the 
GHG emissions savings quota (1 − 𝜌𝑡) multiplied by the GHG emissions 𝜀
𝐹𝑜𝑠𝑠𝑖𝑙 that would 
be generated by producing an equivalent amount of fossil fuel.  
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In constraint (A-11), the total lifecycle GHG emissions of first generation biofuel and 
fossil fuel are parameters of the model, while the calculation of the life cycle GHG 
emissions of the produced second generation biomass is presented in constraints (A-12) – 
(A-14).   
𝐸𝑓𝑡
2𝑛𝑑 = ∑[[∑∑ 𝑈𝑓𝑖𝑗𝑙𝑡 ∙ 𝑒𝑓
𝑝𝑟𝑜𝑑𝐵𝑚
𝑗∈𝐽𝑖∈𝐼
+ ∑ 𝐸𝑓𝑎𝑙𝑡
𝑡𝑜𝑡𝑎𝑙𝐿𝑈𝐶
𝑎∈𝐴
 
𝑙∈𝐿
+ ∑∑𝑈𝑓𝑖𝑗𝑙𝑡 ∙ 𝑒𝑖𝑗
𝑡𝑟𝑎𝑛𝐵𝑚
𝑗∈𝐽𝑖∈𝐼
+ ∑∑∑(𝑉𝑓𝑗𝑙𝑘𝑛𝑡 ∙ 𝑒𝑗𝑘
𝑡𝑟𝑎𝑛𝐼𝑛𝑡)
𝑛∈𝐿𝑘∈𝐽𝑗∈𝐽
+ ∑(∑𝑈𝑓𝑖𝑗𝑙𝑡
𝑖∈𝐼
+ ∑∑𝑉𝑓𝑗𝑙𝑘𝑛𝑡
𝑛∈𝐿𝑘∈𝐽
) ∙ 𝑒𝑙
𝑝𝑟𝑜𝑑2𝑛𝑑&𝐼𝑛𝑡
𝑗∈𝐽
]
∙ 𝜆𝑙] + ∑∑ ∑ 𝑋𝑓𝑗𝑙𝑚𝑡 ∙ 𝑒𝑗𝑚
𝑡𝑟𝑎𝑛2𝑛𝑑
𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽
+ ∑∑ ∑ 𝑋𝑓𝑗𝑙𝑚𝑡 ∙ 𝑒
𝑢𝑠𝑒2𝑛𝑑
𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽
 
∀ 𝑓 ∈ 𝐹; 
 𝑡 ∈ 𝑇 
(A-12) 
Where  
𝐸𝑓𝑎𝑙𝑡
𝑡𝑜𝑡𝑎𝑙𝐿𝑈𝐶 = 𝐸𝑓𝑎𝑙𝑡
𝑑𝐿𝑈𝐶 + ∑𝐻𝑎𝑖𝑓𝑙𝑡 ∙ 𝑒𝑓𝑎𝑙𝑡
𝑖𝐿𝑈𝐶
𝑖∈𝐼
    ∀ 𝑓 ∈ 𝐹;  𝑎 ∈ 𝐴; 𝑙 ∈ 𝐿;  
𝑡 ∈ 𝑇 
(A-13) 
𝐸𝑓𝑎𝑙𝑡
𝑑𝐿𝑈𝐶 = ∑𝐻𝑎𝑖𝑓𝑙𝑡
𝑖∈𝐼
∙ (𝑒𝑎
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙𝐿𝑈 − 𝑒𝑓
𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝐿𝑈
− 𝑒𝑓𝑎
𝑏𝑜𝑛𝑢𝑠)     
∀ 𝑓 ∈ 𝐹, 𝑎 ∈ 𝐴;  𝑙 ∈ 𝐿; 
 𝑡 ∈ 𝑇 
(A-14) 
Equation (A-12) computes the life cycle GHG emissions of the produced second 
generation biofuel, which is given by the sum of GHG emissions associated with biomass 
production (cultivation, harvesting and/or collection); land use changes; transportation of 
biomass, intermediate product and second generation biofuel; production of intermediate 
and final products; and the use of the produced second generation biofuel. An allocation 
factor 𝜆𝑙 is used to allot the lifecycle emissions that correspond to the generated biofuel, 
assuming that the rest of the emissions are allotted to the by-product (e.g. naphtha as a by-
product of second generation biodiesel production). The allocation factor varies with the 
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technology l, causing the need to trace the technology type from biomass supply to second 
generation biofuel production. Equation (A-13) states that the total land use changes 
associated with second generation biofuel production include direct and indirect land use 
changes. The calculation of direct land use change emissions is given in Equation (A-14) 
in which the annualized GHG emissions of producing biomass f and the bonus emissions 
are subtracted from the emissions associated with the original land use a. Indirect land use 
change emissions are obtained from EU reports (European Commission (2012a)) based on 
the amount and type of area that is used to produce each biomass type.  
Integer and non-negativity constraints 
𝑄𝑗𝑙𝑡 ∈ {0,1}    ∀ 𝑗 ∈ 𝐽;  𝑙 ∈ 𝐿;  𝑡 ∈ 𝑇 (A-15) 
𝑍𝑗𝑙𝑡 ∈ {0,1,2,3, … }     ∀ 𝑗 ∈ 𝐽;  𝑙 ∈ 𝐿;  𝑡 ∈ 𝑇 (A-16) 
𝑍𝑗𝑙𝑡 ≤ {
𝑄𝑗𝑙𝑡,            𝑓𝑜𝑟 𝑡 = 1
𝑍𝑗𝑙𝑡−1 + 𝑄𝑗𝑙𝑡,       𝑒𝑙𝑠𝑒
}    
∀ 𝑗 ∈ 𝐽;  𝑙 ∈ 𝐿;  𝑡 ∈ 𝑇 
(A-17) 
𝐻𝑎𝑖𝑓𝑙𝑡, 𝑈𝑓𝑖𝑗𝑙𝑡, 𝑉𝑓𝑗𝑙𝑘𝑛𝑡,𝑊𝑡, 𝑋𝑓𝑗𝑙𝑚𝑡, 𝑌𝑚𝑡 ≥ 0 (A-18) 
  
A.4 Case study 
The model can be applied to the supply chain design of different biofuels (e.g. gasoline, 
ethanol, biodiesel, etc). Although European policy instruments and regulations are only 
binding at a continent level and not at a region level we illustrate their effect on the design 
and sustainability performance of regional second generation biofuel supply chains by 
applying the model to a case study in the Rhineland-Palatinate region (west of Germany) 
from 2015 to 2035 (with yearly time steps). The Rhineland-Palatinate is the state with the 
highest forest density in Germany (BMEL, 2002), and has a large availability of 
agricultural and sawmill residues (Federal Statistical Office, 2013b). Results and 
implications from this case study hold for Rhineland-Palatinate, and transferability of 
results (e.g. implications at national or European level) must be verified when applying the 
model to another database. 
For the production of second generation biofuels, two different types of production routes 
exist (I) bio-chemical and (II) thermo-chemical (Sims et al., 2010). The bio-chemical route 
is used to produce second generation ethanol through the conversion of cellulose and 
hemicellulose components via enzymes and micro-organisms prior to a fermentation 
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process. The thermo-chemical route (also known as biomass-to-liquids - BtL) can produce 
a wide range of biofuels including second generation biodiesel, second generation aviation 
fuel, or second generation ethanol. Within the thermo-chemical route first syngas is 
produced via pyrolysis/gasification which is than transformed into second generation 
biofuel by Fischer-Tropsch conversion. In 2014, the most important biofuel in Germany 
was biodiesel with a market share of 60% (the ethanol market share is only 26%) (FNR, 
2015). For the case study, we focus on second generation biodiesel as substitute for 1st 
generation biodiesel, which currently is the most important biofuel in Germany. For the 
production of second generation biodiesel only the BtL production route can be used. 
The case study was composed as follows: for the biomass supply 36 potential sources  are 
available (all districts in the Rhineland-Palatinate) where 4 types of biomass with different 
quality attributes (forest residues, agricultural residues/straw, sawmill waste and 
miscanthus) can be cultivated on7 different original land use types (forest (logging 
residuals, root biomass), agricultural (wheat, ray, barley, oats, triticale, canola, corn), 
agricultural else (e.g. potatoes), permanent crops, grassland, fallow and sawmill area). We 
assume that for agricultural residuals 10% and for forest residuals 50% of the area can be 
used for biodiesel production. In case additional miscanthus is used, land use change 
applies and it is possible to transform agricultural, permanent crop, grassland, forest, or 
fallow land into cultivation area for miscanthus. In the case study, two production 
technologies are considered with two plant concepts. The Carbo-V® technology represents 
a centralized plant concept where the entire production process from biomass to biodiesel 
takes place at one plant. The bioliq® technology on the other hand has a decentralized 
plant concept, where the transformation from biomass into the intermediate product slurry 
takes place at smaller pyrolysis plants. The slurry is then transported to larger plants where 
the synthesis from slurry to biodiesel takes place. Two different capacities for both plant 
concepts are considered. In addition, four potential locations for the installation of 
production plants (the districts of Bad Kreuznach, Mayen-Koblenz, Bernkastel-Wittlich 
and Bad Dürkheim) and 36 markets (all the districts) over a planning horizon with 21 time 
periods (from 2015 to 2035) are considered. The potential locations are selected according 
to the following criteria: (I) equal distributed about Rhineland-Palatinate, (II) high biomass 
potential and (III) good connection to highways to encore the distribution of the produced 
biodiesel. Note that it is not possible to perform a prices location decision by only focusing 
on four potential locations. But for analyzation the influence of different political 
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regulations on the investment decision they should be sufficient. A detailed description of 
the input data is given in the supplementary material. 
A.4.1 Results and discussion 
For the case study, the resulting MIP model involved 159,374 constraints and 363,641 
decision variables of which 1,008 were integer variables. It was run under the current 
European biofuel regulation (2009/28/EC & 2009/30/EC) and the two proposed 
modifications (COM(2012)595 and 2012/0288(COD)) using the AIMMS 3.14 software 
(Paragon decision technology, 2014), with an Intel 2.67-GHz processor. Optimal solutions 
were found in an average time of 6,000 seconds. The resulting network configurations and 
main overall indicators of each run are shown in Table A - 3 and discussed below.  
Table A - 3 Case study results for the current regulation and proposed modifications to regulation 
Results Current regulation Proposed modifications 
 2009/28/EC & 2009/30/EC COM(2012)595 2012/0288(COD) 
Technology type, 
capacity, location 
and installation 
period 
 Carbo-V® 100MW in 
Bernkastel-Wittlich (2017) 
 Carbo-V® 100MW in 
Mayen-Koblenz (2020) 
 Carbo-V® 100MW in 
Bernkastel-Wittlich (2020) 
 Carbo-V® 100MW in 
Mayen-Koblenz (2020) 
 Carbo-V® 100MW in 
Bernkastel-Wittlich (2020) 
 Carbo-V® 100MW in 
Mayen-Koblenz (2020) 
Average biomass 
mix 
 Sawmill residues (37%) 
 Forest residues (63%) 
 Sawmill residues (34%) 
 Forest residues (66%) 
 Sawmill residues (34%) 
 Forest residues (66%) 
Land use change 0 ha 0 ha 0 ha 
Saved GHG 
emissions 
4,496 M kgCO2-eq 3,890 M kgCO2-eq 3,890 M kgCO2-eq 
NPV for second 
generation biodiesel -195 (M€);  -163 (M€);  -163 (M€);  
 
A.4.1.1 Second generation biodiesel supply chain under current regulation: 
2009/28/EC and 2009/30/EC 
Results show that, for the current regulation, the installation of two Carbo-V® plants with 
a capacity of 100 MW in the locations of Bernkastel-Wittlich (in 2017) and Mayen-
Koblenz (in 2020) is optimal for the Rhineland-Palatinate (Table A - 3). The installation 
period of the plants responds to the rising market share targets between 2017 and 2020. 
Feedstock requirements are met by a mix of sawmill residues and forest residues over the 
entire planning horizon. Thus, no miscanthus is required, and consequently, there are no 
land use changes. GHG emission savings of up to 4,496 M kgCO2-eq can be achieved, but 
the NPV of the second generation biodiesel supply chain is negative (-195 M€) reflecting 
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that the revenue under current biodiesel market prices cannot payback the high investment 
costs associated with the purchase and installation of the second generation biodiesel 
production plants.  
Based on the biodiesel market share and GHG emission savings in Figure A - 2a and 
Figure A - 2b, while the market share quota promotes the use of biodiesel in general, the 
emission savings target motivates the introduction of second generation biodiesel. Prior to 
2017, the market share quota of 2% is fulfilled with currently produced first generation 
biodiesel (Figure A - 2a) which can achieve emission savings above 35% compared to 
fossil diesel, thus complying with the emission savings target. Starting in year 2017, the 
production of second generation biodiesel is required as the GHG emission savings target 
increases to 50%, and to 60% in year 2018 (Figure A - 2b) which cannot be achieved with 
first generation biodiesel only. In 2020, a second plant is required to reach the market share 
quota of 6% maintaining the minimum of 60% emission savings. An increasing trend in 
second generation biodiesel market share and an over fulfilling of GHG emission savings 
is distinguished from year 2020 to 2035, due to a decreasing demand for diesel in the 
region with a constant biodiesel market share target of 6%.  
 
Figure A - 2 a) Biodiesel market share and b) biodiesel GHG emission savings in the optimal solution under current 
politic regulations 2009/28/EC and 2009/30/EC (Note that the market share values consider the multiple counting of 
second generation biodiesel) 
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A.4.1.2 Second generation biodiesel supply chain considering proposed modifications 
to regulations: COM (2012)595 and 2012/0288(COD) 
The optimization of the two proposed modifications to European biofuel regulations 
generates the same optimal configuration and results as the current regulation (Table A - 
3). However, there is no immediate installation of plants to comply with the regulations, 
and both plants are installed in 2020 (when the market share quota of 6% has to be 
achieved). A similar composition of the biomass mix is required as in the current 
legislation, and no land use change occurs. Since the production of second generation 
biodiesel starts later in the proposed regulations compared to that in the current legislation, 
the overall amount of GHG emission savings is 13.5% lower, while the NPV of the second 
generation biodiesel is higher (i.e. less negative) due to discounting effects.  
As in the current regulation, an increasing trend in second generation biodiesel market 
share and an over fulfillment of GHG emission savings result after 2020 (Figure A - 3b). 
This is due to the decreasing total diesel demand and a fixed market share quota (Figure A 
- 3a). Results show that the targets of the two policy instruments related with the maximum 
and minimum market share of first and second generation biodiesel are redundant when a 
GHG emission saving requirement is implemented. From 2020 onward, the market share 
of first generation biodiesel is below 2% (under the mandated maximum of 5 and 5.5%), 
and the share of second generation biodiesel is above 4% (surpassing the mandated 
minimum of 2%). The blending of biodiesel starts in year 2020 instead of year 2015 as in 
the current regulations’ case. This is because the proposed regulations request to meet a 
6% of biodiesel market share until year 2020, instead of a stepwise increase of market 
share beginning in 2015 as in the current regulation.  
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Figure A - 3 a) Biodiesel market share and b) biodiesel GHG emission savings in optimal solution under proposed 
changes to regulations COM(2012)595 and 2012/0288(COD) (Note that the market share values consider the multiple 
counting of second generation biodiesel) 
A.4.1.3 Sensitivity to model parameters 
To evaluate the impact of potential variations of model parameters on the optimal solution, 
a sensitivity analysis was performed under the current and proposed European biofuel 
regulations. The analyzed parameters were: (1) biomass cost, (2) biomass availability, (3) 
diesel demand, (4) diesel price, (5) technology conversion yield, (6) capital/production 
costs, and (7) transportation cost (of biomass, slurry and biodiesel). In the analysis, the 
value of the analyzed parameters was varied by ±20%. Figure A - 4 summarizes the results 
of the sensitivity analysis. Since the optimal results for the two proposed regulations are 
equal, they are shown together. 
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Figure A - 4 Sensitivity of NPV to selected parameters considering current regulation (2009/28/EC & 2009/30/EC) and 
proposed regulations (COM(2012)595 & 2012/0288(COD)) 
The NPV of the second generation biodiesel supply chain is highly sensitive to the diesel 
price and capital and production costs. When the diesel price increases by 20%, the break-
even point is reached under the current regulation and overpassed under the two proposed 
modifications (see Figure A - 4). The same holds for a decrease in production costs of 
20%.  
For all evaluated regulations, an increased demand of 20% leads to the installation of one 
larger production plant (Carbo-V® 300 MW) instead of the two smaller plants (Carbo-V® 
100 MW) installed in the base case. However, only a 5% NPV improvement can be 
achieved for the current regulation due to an underutilization of the production capacities 
between 2017 and 2019, while an increase in NPV of 41% can be achieved for the 
proposed regulations since plants have a high utilization directly after their installation in 
2020.   
Negative changes in transformation yields of conversion technologies have a higher impact 
on the NPV than positive changes. In the base case scenario, the biomass mix is mostly 
composed of sawmill and forest residues. When the transformation yield increases by 20%, 
the amount of used forest residues decreases, resulting in a quasi-proportional decrease in 
the biomass cost. However, when the transformation yield decreases by 20%, straw 
(agricultural residue) must be supplemented at higher costs than forest and sawmill 
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residues. Thus, the NPV decreases by 43% (in the current regulation) or 46% (in the two 
proposed regulations).  
Furthermore, NPV changes of the second generation biodiesel supply chain are 
proportional to the biomass cost changes, and the NPV is relatively insensitive to changes 
in other parameters such as biomass availability and transportation costs. 
A.4.1.4 Sensitivity to policy instruments 
We also tested the sensitivity of the optimal result to different levels of policy instruments 
using the levels in the current regulation as the base case. The minimum market share was 
changed from 2% to 10% to capture the lowest target of the current regulation and the 
desirable future target mentioned in (European Parliament and Council of the European 
Union, 2009a); minimum GHG emission savings target was varied from 35% to 93% to 
cover the lowest target of the current regulation and the highest GHG emission savings that 
can be achieved through usage of second generation biodiesel (Cherubini, 2009); the 
counting coefficient for second generation was changed from 1 to 4 to cover the range 
from no multiple counting to the highest counting coefficient in proposed regulations; and 
maximum and minimum market share quotas for first generation and second generation 
biodiesel were varied from 0% to 6% within the current limits for the entire biodiesel 
market. Figure A - 5 summarizes the result of this sensitivity analysis with regard to the 
optimal NPV for second generation biodiesel and its related total GHG emissions savings.  
 
Figure A - 5 Sensitivity of second generation biodiesel a) NPV and b) total GHG emission savings to individual changes 
in policy instruments considering policy instruments at the current regulation levels (2009/28/EC & 2009/30/EC) 
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A clear trade-off between the economic and environmental performance of the second 
generation biodiesel supply chain in the Rhineland-Palatinate can be distinguished in 
Figure A - 5. Changes that benefit the economic performance of the supply chain have an 
adverse effect on the GHG emission savings potential and vice versa. This means that there 
is an inverse relationship between NPV and GHG emission savings in direction and 
strength.  
The NPV shows a high sensitivity to changes in the GHG emission savings quota and the 
minimum market share of second and the maximum market share of first generation 
biodiesel. The reason is that these three policy instruments push the (expensive) production 
of second generation biodiesel. Contrarily, GHG emission savings show a high sensitivity 
to the total biodiesel market share quota and the multiple counting of second generation 
biodiesel, since these instruments influence the total amount of biodiesel compared to 
fossil diesel. 
A total biodiesel market share quota of only 2% allows for a reduced production of 
(expensive) second generation biodiesel, which decreases economic losses by 14%. 
However, this is accompanied by a 60% decrease in GHG emission savings. With a high 
market share quota of 10% biodiesel, the high biodiesel production leads to an increase of 
economic losses by 17%, but allows for higher GHG emissions savings of 85%. 
Results show that a 35% GHG emission savings quota can be achieved with first 
generation biodiesel. Thus, the production of second generation is not required and no 
losses are generated (refer to base case results in Figure A - 2a). On the other hand, the 
very high GHG emission savings quota of 93% would require the installation of an 
additional plant for second generation biofuel, which would be underutilized (in Figure A - 
2b for the base case results, GHG emissions savings are significantly high already). The 
resulting losses of 144% would be compensated by rather low GHG emission savings of 
only 7%.  
In the current regulation, one unit of second generation biodiesel accounts for two units of 
biodiesel when the total biodiesel market share is calculated. If this multiple counting is 
omitted, a larger amount of second generation biodiesel must be produced to satisfy the 
total biodiesel market share and GHG emission saving quotas. As Figure A - 5 shows, this 
results in an increase of economic losses by 24% (more biodiesel from expensive biomass 
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(miscanthus) with resulting land use changes), but also in increasing GHG emission 
savings by 61%. Contrarily, higher counting coefficients (>2) result in decreasing 
economic losses, but also decreasing GHG emission savings.  
The sensitivity analysis shows that the total amount of biodiesel (irrespective of first or 
second generation) is controlled by the biodiesel market share quota, while the minimum 
amount of second generation biodiesel is controlled by the GHG emissions savings quota. 
Therefore, minimum market share quotas for second generation biodiesel, and maximum 
market share quotas for first generation biodiesel are redundant in this case study. 
Note that the policy instrument related to the accounting of land use changes was not 
included in this analysis because there were no land use changes in the optimal solution of 
the base case. However, land use changes result from the production of miscanthus if 
biodiesel demand increases, e.g. if the 10% market share quota for biodiesel is 
implemented or if the double accounting of second generation biodiesel of current 
legislation is omitted. 
A.5 Conclusions and policy implications 
This study proposes a mathematical programming model for the design of economically-
optimal supply chains of second generation biofuel conforming to the different policy 
instruments of European biofuel regulations. The model was formulated as a multi-period 
MIP that identifies the network configuration and suggests annual material flows restricted 
by time dependent market shares and GHG emission saving quotas considering multiple 
counting for the second generation biofuel and incorporating GHG emissions related to 
land use changes. For illustration purposes, the model was applied to a case study of 
second generation biodiesel production in the Rhineland-Palatinate in Germany and tested 
under the current European biofuel regulation (2009/28/EC and 2009/30/EC) and the two 
proposed modifications (COM(2012)595 and 2012/0288(COD)). The considered 
regulations are binding at the aggregate European level, however, the case study 
demonstrated the usefulness of the developed model to assess and compare the impacts of 
such regulations, and their corresponding policy instruments, on the sustainable 
performance of second generation biofuel supply chains. Results of the case study showed 
that the two proposed changes to European biofuel regulations could reduce the total 
production cost of second generation biodiesel in the region under study over the coming 
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years in comparison with the current regulation, but would result in less GHG emission 
savings as well. Due to the current high capital and operating costs, it is not possible to 
generate a positive NPV for second generation biodiesel in the Rhineland-Palatinate. 
However, a GHG emission savings quota higher than 35% drives the introduction of 
second generation biodiesel into the market. Therefore, economic support or incentives are 
needed to achieve these environmental objective in the Rhineland-Palatinate case study. 
For this case study, at the proposed GHG emission saving quota levels, the current 
minimum and maximum market share quotas for first and second generation biodiesel 
become redundant. It could be observed that the consideration of land use change that 
induced GHG emissions could not prevent land use changes if the second generation 
biodiesel demand in the region increases (e.g. if diesel demand increases by 20% or if the 
biofuel market share quota increases to 10%).  
It should be noted that these findings and figures are only valid under the conditions of the 
analyzed case study. Since the considered regulations are designed for the entire European 
Union, future work should entail the application of the model to data based on the entire 
European Union. Due to the foreseen complexity of such analysis, especially for the cases 
with more potential locations that might compromise the tractability of the problem, the 
solution of the work might require the development of heuristic solution methods. Within 
the case study, we focused on the environmental measurements used by the EU, which are 
reduced GHG emission and Land Use Change, to be able to evaluate the EU regulations. 
For further research, it would be very interesting to consider additional environmental 
measurements such as eco profit or water usage as well (Cucek et al., 2015). 
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A.8 Supplementary Material 
Case study - data and information 
Biomass supply 
The four types of biomass considered in this study for the production of second generation 
biodiesel could be collected (from forest, agricultural and sawmill residues) or produced 
(miscanthus) in the 36 districts located in the Rhineland-Palatinate. The available area for 
each original land use type was estimated at the district level based on published land use 
reports (Federal Statistical Office, 2013b; Regional Statistical Office Rheinland-Pfalz, 
2010). It is expected that the production yield of forest residues will vary over the planning 
horizon of this study (BMEL, 2002), therefore, the production yield of 0.81 tonnes per 
hectare of forest residues reported in Renew (2006) was extrapolated throughout the 
planning horizon based on the production yield forecast presented in BMEL (2002). It was 
assumed that only 50% of those residues are recoverable for biodiesel production. 
Similarly, production yields of agricultural residues (straw) were obtained from Zeller et 
al. (2012), Münch (2008), and Kaltschmitt et al. (2003) and were extrapolated throughout 
the planning horizon based on FAPRI (2011). It was assumed that only 10% of straw 
produced from cereals and oilseeds, and 5% of the straw produced from corn can be used 
for biodiesel. The estimation of available sawmill residues was based on the estimated 
production capacity of the 32 sawmills located in the region (information obtained through 
a telephone survey with a response rate of 34%), assuming a production yield of 0.21 for 
sawmill wastes (chips are not included due to the higher quality) and 40% of residues 
being available for biodiesel production (Döring and Mantau, 2012). As an alternative 
source of biomass, we considered the production of additional miscanthus (FAO, 2011) in 
the Rhineland-Palatinate. It was assumed that miscanthus could be cultivated in any of the 
mentioned land use types; however, its cultivation implies land use change. Production 
yield for miscanthus in any type of land was assumed to be 13.48 tonnes per hectare in 
2015 and 22.17 tonnes per hectare in 2035 (with linear growth) according to the forecast 
reported by FAO (2011). An overview of the available area and production yield for 
different type of biomass in Rhineland-Palatinate is given in Table A - 4. 
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Table A - 4 Area availability and production yield for biomass in Rhineland-Palatinate 
Biomass supply Cultivation area Haa 
Available 
for 
biodiesel 
production  
(%) 
Production yieldb,c,d 
2015 
(t(biomass)/ha) /  
(grain straw ratio) 
2035 
(t(biomass)/ha) 
/ (grain straw 
ratio) 
Agricultural residuals 
Wheat for grain 
harvest 
142,633 10% 7.40/0.80 8.19/0.80 
Ray for grain 
harvest 
13,639 
10% 
5.52/0.90 6.11/0.90 
Barley for grain 
harvest 
90,344 
10% 
6.27/0.70 7.07/0.70 
Oats for grain  
harvest 
7,413 
10% 
5.17/1.10 6.04/1.10 
Triticale for grain 
harvest 
21,022 
10% 
6.24/0.90 7.29/0.90 
Canola for grain 
harvest 
15,469 
10% 
3.75/1.70 4.27/1.70 
Corn for grain 
harvest 
9,814 5% 10.66/1.00 12.45/1.00 
Forest residuals 
Forest – Logging 
residuals 
839,270 50% 0.41 0.43 
Forest – Root 
biomass 
839,270 50% 0.63 0.66 
Miscanthus (with Land 
Use Change) 
Agricultural (for 
residuals) 
300,335 100% 13.48 22.17 
Agricultural (else) 180,495 100% 13.48 22.17 
Permanent crops 76,023 100% 13.48 22.17 
Grassland 283,368 100% 13.48 22.17 
Fallow 10,282 100% 13.48 22.17 
Forest 839,270 100% 13.48 22.17 
aFederal Statistical Office (2013b); Regional Statistical Office Rheinland-Pfalz (2010) 
bFor the calculation of forest residuals: BMEL (2002); Renew (2006) 
cZeller et al. (2012); Münch (2008); Kaltschmitt et al. (2003); FAPRI (2011) 
dFAO (2011) 
 
Biodiesel demand 
The diesel demand in each district during the planning horizon was estimated based on its 
population (Federal Statistical Office, 2013a) and the annual diesel demand in Germany 
(EWI, 2014). Based on these parameters, the total diesel demand in the Rhineland-
Palatinate was estimated to be 107,323,239 GJ of diesel in 2015, expected to decrease to 
94,659,254 GJ of diesel in 2035 (EWI, 2014). In the model, the biodiesel demand in each 
district was estimated based on the required biodiesel share regulated by the applicable 
European biofuel regulation, considering a blending coefficient of 0.97 and 0.82 for second 
and first generation biodiesel, respectively, that relates their energy densities with that of 
fossil diesel (Schmitz et al., 2009). We assumed that there is enough first generation 
biodiesel available due to the over capacity of first generation biodiesel currently installed 
in Germany (FNR, 2013). Due to technical restrictions of car engines, the mix of first 
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generation biodiesel into the final diesel blend cannot exceed 7% (European Parliament 
and Council of the European Union, 2009b). 
Biodiesel production  
Two different technologies were considered to illustrate the centralized and decentralized 
production concepts for second generation biodiesel: the Carbo-V® centralized process 
developed in Freiberg, Germany (Stahlschmidt et al., 2010) and the bioliq® decentralized 
process developed in Karlsruhe, Germany (Trippe et al., 2013,Trippe, 2013). A 300 MW 
second generation biodiesel plant would cover 6% of the total diesel demand in the 
Rhineland-Palatinate, however, two capacity classes (300 MW and 100 MW) were 
considered for the final production step (conversion of biomass or slurry into second 
generation biodiesel) to allow the consideration of multiple smaller plants. For the first 
stage of the decentralized plant concept, two capacity classes for the production of the 
intermediate product (slurry) are considered as well: 80 MW and 50 MW pyrolysis units. 
In both plant concepts, naphtha is a by-product of second generation diesel production, 
where, naphtha can be used as input material within the chemistry industry or for the 
production of biogasoline. 
The mass conversion yield of the technologies varies based on the characteristics of the 
input material. For the Carbo-V® technology, mass yield depends on the technology’s 
energy yield of 39.7% (estimated from Beiermann, 2011) and the energy content of the 
input biomass. For the bioliq® technology, a fixed mass yield was assumed based on 
Beiermann (2011). For the pyrolysis technology, mass yield depends on the ash content of 
the input biomass as per Rogers and Brammer (2012). Production yields used in this study 
are presented in Table A - 5. 
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Table A - 5 Production yields of considered technologies 
Technology 
Output  
material 
Input material a,b 
Production yield 
Primary product 
(t(output)/t(input)) 
By-Product 
(t(output)/t(input)) 
Carbo-V® 
Second generation 
biodiesel 
Sawmill waste 0.13 0.4 
Forest residues 0.14 0.4 
Straw 0.12 0.4 
Miscanthus 0.13 0.4 
bioliq® 
Second generation 
biodiesel 
Slurry 0.14 0.0 
Pyrolysis Slurry 
Sawmill waste 0.60 0.3 
Forest residues 0.74 0.3 
Straw 0.60 0.3 
Miscanthus 0.73 0.3 
a Energy content per dry tonne of biomass: 17.80 GJ (sawmill waste); 19.00 GJ (forest residues), 16.40 GJ (straw) and 
17.95 GH (miscanthus). Values from Cambero et al. (2014) and Wright et al. (2009) 
b Ash content of biomass: 4.75% (sawmill waste); 1.92% (forest residues), 6% (straw) and 2% (miscanthus). Values from 
Cambero et al. (2014) and Rogers and Brammer (2012) 
 
Production plants can be installed in 4 locations distributed around the region which are the 
districts of Bad Kreuznach, Mayen-Koblenz, Bernkastel-Wittlich and Bad Dürkheim. 
These districts were selected based on their geographical location at the center of the areas 
with higher agricultural and forest land density in the state.  
Costs 
Costs of forest and agricultural residues as well as of miscanthus were forecasted based on 
Renew (2006). Cost of sawmill residues was obtained from our survey. Fixed and variable 
production costs of second generation biodiesel plants were obtained from Beiermann 
(2011), and transportation costs (of biomass, slurry and second generation biodiesel) were 
obtained from Schatka (2011). The price of second generation biodiesel was estimated 
from the diesel wholesale price by deducting tax, under consideration of the energy density 
of the used fuel, and was forecasted based on EWI (2014). The price for the by-product 
naphtha is obtained from Schatka (2011). It is assumed that the produced naphtha, which is 
a by-product of Fischer-Tropsch conversion when producing biodiesel, will be sold for 
further transformation into biogasoline or for using in the chemical industry in order to 
ensure sufficient market size and demand for it. All the cost parameters used in this study 
are reported in Table A - 6 and Table A - 7.  
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Table A - 6 Technology-related costs (derived from Beiermann (2011)) 
Technology Capacity 
Investment  
(Million €) 
Fixed costs  
(Million €/a) 
Variable costs 
 (€/t(input))a 
Carbo-V® 
500 MW 1,089 79 13 
300 MW 716 52 14 
100 MW 291 21 16 
bioliq® 
500 MW 692 50 -6 
300 MW 455 33 -4 
100 MW 185 13 1 
Pyrolysis 
100 MW 57 4 17 
80 MW 48 3 19 
50 MW 32 2 23 
a includes the profit obtained from by-product (naphtha), negative variable costs indicate that the revenue from selling the 
by-product is higher than the variable operational costs. 
 
Table A - 7 Other cost parameters 
Item Value References and comments 
Transportation costs (€ per tonne-kilometer) 
Forest residues 0.12 Schatka (2011) 
Agricultural residues 0.12 Schatka (2011) 
Slurry 0.08 Schatka (2011) 
Biodiesel 0.06 Schatka (2011) 
Biomass cost (€ per tonne of biomass) 
Forest residues 47 (in 2015), 42  (in 2035) Renew (2006) 
Agricultural residues 57 (in 2015),  52 (in 2035) Renew (2006) 
Sawmill waste 19 Schatka (2011) 
Miscanthus 104 (in 2015), 95 (in 2035) Renew (2006) 
Other (€ per tonne) 
Diesel price without tax 1,009 (in 2015), 2384 (in 2035) EWI (2014) 
Naphtha price 500 Schatka (2011) 
 
GHG emissions 
Detailed GHG emissions associated with biomass production and biomass/slurry/second 
generation biodiesel transportation were taken from the GEMIS database (IINAS, 2014). 
GHG emissions from the production of second generation biodiesel were estimated based 
on the energy used (Beiermann, 2011) and the energy mix emissions (IINAS, 2014). For 
miscanthus cultivation, direct and indirect land use change emissions are regarded based 
on (European Commission, 2010; European Commission, 2012b). A factor of 0.74 (in an 
energy-basis as recommended by current European regulation) is included to allocate the 
emissions corresponding to the second generation biodiesel, the rest is attributed to the 
naphtha produced as by-product (Beiermann, 2011). The lifecycle GHG emissions from 
the first generation biodiesel in this study are 1,966 kg CO2-eq per tonne of fuel based on 
the standard emission values presented by the European Parliament and Council of the 
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European Union (2009a), assuming that the biomass composition of first generation 
biodiesel in 2013 for Rhineland-Palatinate remains constant over the planning horizon of 
this study (60% canola, 17% soya bean, and 23% palm oil) (UFOP, 2013). Lifecycle GHG 
emissions of the fossil diesel are also assumed to be fixed over the planning horizon (3,603 
kg CO2-eq per tonne of fuel) (European Parliament and Council of the European Union, 
2009a). GHG emissions associated with the production of second generation biodiesel are 
presented in Table A - 8. 
Table A - 8 GHG emissions associated with the production of second generation biodiesel 
Item Value References and comments 
Production, Carbo-V ® 0.0016 kg CO2-eq per tonne of input 
Estimated from Beiermann (2011) and 
IINAS (2014) 
Production, bioliq® 0.0037 kg CO2-eq per tonne of input 
Estimated from Beiermann (2011) and 
IINAS (2014) 
Collection, forest residues 13 kg CO2-eq per tonne of biomass IINAS (2014) 
Collection, agricultural 
residues 
12 kg CO2-eq per tonne of biomass IINAS (2014) 
Collection, sawmill residues 0 kg CO2-eq per tonne of biomass IINAS (2014) 
Production, miscanthus 68 kg CO2-eq per tonne of biomass IINAS (2014) 
Transportation by road 0.14 kg CO2-eq per tonne-kilometer IINAS (2014) 
Land use, forest 28,396 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Land use, agricultural 12,969 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Land use, permanent crops 26,711 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Land use, grassland 18,650 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Land use, fallow 12,969 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Land use, miscanthus 23,855 kg CO2-eq per hectare (20 years) 
Estimated from European Commission 
(2010) 
Indirect land use changes in 
agricultural land 
0.012 kg CO2-eq per MJ of fuel European Commission (2012a) 
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B Robust investment decision for hybrid biofuel supply chains in consideration of 
different risk attitudes and uncertain political regulations 
B.1 Abstract 
Blending biofuels into fossil fuels allows for emission reduction in the transportation 
sector. However, biofuels are not competitive yet due to their high investment and 
production costs. Therefore, legal instruments are necessary to promote biofuels. EU 
biofuel regulations have been modified several times over the last years, leading to high 
planning uncertainties for investors in biofuel supply chains. The consideration of 
uncertain legal requirements in the design of robust biofuel supply chains depends on the 
investor's risk attitude. Against this background, we develop a robust optimization model 
to visualize the influence of uncertain legal requirements on the profitability of the biofuel 
supply chain. The model simultaneously maximizes robustness and profitability of the 
biofuel supply chain; the robustness of the biofuel supply chain depends on the investor's 
risk attitude. We apply the 𝜖-constraint approach to determine robust solutions and to 
calculate the trade-off between robustness and profitability of the supply chain. We apply 
our model to a case study of the German biodiesel market. The results show that the degree 
of robustness influences the profitability of the biofuel supply chain and that the degree of 
robustness depends on the specific risk attitude of the decision maker. 
Keywords: Decision support systems; multiple objective programming; robust 
optimization; biomass-to-biofuel; MILP 
B.2 Introduction 
The transportation sector consumes 26% of global delivered energy (EIA, 2013) and emits 
22% of global CO2 emissions, 75% of them resulting from road transportation (IEA, 2012). 
In the future, the usage of fossil fuels has to be reduced in order to ensure supply security 
as well as projected emission savings. One way of achieving these targets is to substitute 
fossil fuels by biofuels (Dinh, Guo, & Mannan, 2009). However, this involves high 
investment costs and, until now, the production costs of biofuels are higher than those of 
fossil fuels (BMU, 2011). Thus, clear political regulations are necessary to support the 
market diffusion of biofuels, e.g. as done by the European Union Renewable Energy 
Directive (2009/28/EC). 
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Every type of fossil fuel can be substituted by different kinds of biofuels. In this context, 
biofuels are classified into 1st and 2nd generation biofuels (IEA, 2011). 1st generation 
biofuels are produced mainly from raw materials which can also be used in the food and 
fodder industry (e.g. corn or sugar cane). Thus, the production of 1st generation biofuels 
might lead to cannibalization of food supply chains. Additionally, 1st generation biofuels 
have disadvantages such as low engine compatibility and limited emission reduction 
potential. However, investment costs for 1st generation biofuels are lower compared to 2nd 
generation biofuels. In addition, reliable production technologies are available for 1st 
generation biofuels and plants for the production of 1st generation biofuels already exist. 
By contrast, 2nd generation biofuels are produced mainly from residual materials (e.g. 
straw or residual wood) or by cultivation of specific energy crops. Thus, competition with 
the food industry does not exist in this case. Furthermore, 2nd generation biofuels achieve 
high emission savings and comply with the emission reduction targets set by the EU. 
However, very high investments are necessary and production costs are high in comparison 
with 1st generation biofuels. In addition, the production technology for 2nd generation 
biofuels is not market-ready yet (development or pilot phase) (IEA, 2011). Thus, both 1st 
and 2nd generation biofuels have advantages as well as disadvantages. Therefore, a 
thorough ex-ante analysis of the complex and interacting system of hybrid (i.e. 1st and 2nd 
generation) biofuel production is required prior to the installation of a high investment / 
cost-intensive production system for biofuels. 
Investors seek to design maximum profit hybrid biofuel supply chains that meet the 
political requirements. Due to the long-term planning horizon of the related investment 
decisions, investors face high planning uncertainties (Awudu & Zhang, 2012). 
Uncertainties might arise from the market structure (e.g. biofuel selling price, biomass 
availability versus biomass prices), from future technical developments (e.g. production 
costs, transformation efficiency), or from political regulations (Fawzy, Componation, & 
Hu, 2015). For example, in 2014 the Finnish company Vapo stopped their investment in a 
2nd generation biodiesel production plant due to high uncertainties regarding the future 
development of European biofuel regulations. Vapo’s board of directors announced: “In 
this situation it is not possible to conclude long-term commitments, which would have 
created the financial preconditions for Vapo’s biodiesel project” (EBTP, 2015). At this 
point, the Finnish government had already supported Vapo with 88.5 m€. The same 
happened to agricultural consortia in Germany that invested in 1st generation biofuel 
supply chains. When these agricultural consortia started their business, they successfully 
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sold the amount of 1st generation biofuel produced due to tax reliefs and biofuel quotas. 
However, a few years later the European government cut the biofuel tax reliefs and 
decreased 1st generation biofuel quotas (and, with this, the demand for it). This led to high 
overcapacities and lost investments not only for the agricultural consortia but also for all 
investors in 1st generation biofuel supply chains (Statista, 2016). 
Potential investor groups face different incentives to invest in hybrid biofuel supply chains 
depending on their current business model. For instance, the fossil fuel industry might seek 
diversification and new areas of business to be able to react to social and political 
requirements regarding a shift towards renewable energy systems. The automotive industry 
might be interested in investing in biofuel supply chains in order to comply with emission 
reduction requirements in the transportation sector. Finally, agricultural consortia might be 
looking for a more sustainable business model that circumvents the food vs. fodder debate. 
However, these investor groups have different risk perceptions and risk attitudes owing to 
differing needs for change and financial backgrounds. 
In general, a decision maker's risk attitude can be classified as anything between risk-
neutral or risk-averse (Rockafellar & Royset, 2015). In an uncertain investment decision, 
the investor's risk attitude determines the degree of robustness the investment has to 
achieve. For instance, the degree of robustness of an investment made by a risk-averse 
decision maker has to be higher than for a risk-neutral decision maker. Thus, a risk-averse 
investor prepares for all expected negative future developments (e.g. in our case the 
decision maker would expect a low biofuel quota, resulting in low demand for biofuels). 
The risk-neutral decision maker, on the other hand, accepts higher risks and expects a more 
positive future development (e.g. in our case the decision maker would expect higher 
biofuel quotas, resulting in high biofuel demand). Thus, the (positive or negative) 
evaluation of an investment project depends on the specific risk attitude of the decision 
maker. In the example of the Vapo company given above, the selected risk attitude was too 
optimistic (risk-neutral) with regard to the development of EU biofuel regulations. Thus, 
Vapo expected a higher biofuel quota or higher biofuel demand than that defined by 
politics and therefore had to stop their investment in the 2nd generation biofuel production 
plant. In conclusion, the risk attitude of the investor as well as the potential influence of the 
selected risk attitude on the solution has to be considered in the decision support process. 
Against this background, the aim of this paper is to analyze optimal investment decisions 
in hybrid biofuel supply chains with regard to uncertain legal developments and differing 
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investors’ risk attitudes. For this purpose, we develop a bi-objective robust optimization 
model to determine optimal investment decisions for the design of hybrid biofuel supply 
chains. We take into account the entire hybrid biofuel supply chain from biomass 
cultivation over biofuel production and biomass import to blending of 1st and 2nd 
generation biofuel into fossil fuels. We derive the considered uncertainties from the 
uncertain development of the European biofuel regulations, since the development of legal 
requirements is a key factor for a profitable investment as shown by the case of Vapo 
(EBTP, 2015; Fawzy et al., 2015). We evaluate the system according to robustness and 
profitability of the hybrid biofuel supply chain depending on the specific risk attitudes of 
the investors. As a result, we derive information on the trade-off between the specific risk 
attitudes (or the degree of robustness) and the profitability of a solution. 
The paper is structured as follows: in section B.3 we introduce the planning problem in 
detail. In section C.4 we review the literature regarding the consideration of uncertainty 
within biofuel supply chains. In section 4 we present the developed optimization model. In 
section B.6 the model is applied to the case study of the German biodiesel market, and a 
conclusion and outlook on further research is provided in section C.7. 
B.3 Planning problem 
In this section, we explain the planning problem that investors in a hybrid biofuel supply 
chain face (2.1). Afterwards, we give an overview of the EU biofuel regulations and their 
development over time (2.2). We then discuss the risk attitude of potential investor groups 
(2.3). Based on these analyses, we derive the model requirements in section 2.4. 
B.3.1 Investment decision 
The hybrid biofuel supply chain consists of three steps: (I) biomass cultivation, (II) biofuel 
production, and (III) biofuel blending (see Figure B - 1). 
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Figure B - 1 Hybrid biofuel supply chain 
Investors in biofuel production networks have to make a number of decisions that 
influence the final system characteristics: 
(I) Investors have to decide on the biomass used for biofuel production (IEA, 2011). 
Biomass differs with regard to energy density, prices, availability, region of cultivation, 
eligibility for different production technologies, and emissions during cultivation. If 
biomass for biofuels is cultivated on an area which has not been used for the cultivation of 
energy crops thus far, land use change appears (SWD (2012) 343). Land use change also 
has to be taken into account when biomass is imported from other countries. 
(II) Investors have to decide on the fuel-specific technologies installed for the 
transformation of biomass into biofuel. Production technologies differ with regard to 
permitted biomass, production processes, degree of centralization, economies of scale, 
production capacities, conversion efficiencies, resulting by-products, investments, 
emissions, and production costs. Investors have to decide which biofuel production 
technology and capacity to install. Currently, production plants for 1st generation biofuels 
already exist. These plants have to operate at full capacity to be profitable. For 2nd 
generation biofuels, only pilot plants exist in the EU thus far. 
(III) Investors have to decide on the final fuel quantity and blend. The final blend depends 
on total demand for fuel blends, legal requirements regarding specific biofuel quotas, 
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technical blending restrictions and production costs. The specific energy content of the 
fuels has to be considered in the blending process. Furthermore, biofuels can be imported 
from other countries. 
As was shown, due to economic disadvantages for biofuels compared to fossil fuels and 
owing to higher investment and production costs, legal requirements are necessary to 
support the development of biofuel supply chains (EBTP, 2015). Therefore, the investment 
decisions discussed above depend strongly on the future development of legal regulations. 
Long-term and stable regulations are necessary to reduce the uncertainty for investors. 
Against this background, below we analyze the development of EU regulations over time. 
B.3.2 European biofuel legislation 
Over the last decade, the EU has introduced a set of regulatory instruments to encourage 
the installation of biofuel production plants in order to promote the market introduction of 
biofuels. An overview of the different political instruments is given in Table B - 1. 
Table B - 1 Characterization of the regulatory instruments used within EU biofuel legislation 
Political 
instrument 
Description Minimal 
value within 
EU 
regulations 
Maximal value 
within EU 
regulations 
Total biofuel market 
share 
Implemented as the first instrument of EU biofuel regulation; 
determines the total biofuel market share quota including 1st 
and 2nd generation biofuels. 
5.75% in 2010 20% in 2020 
Multiple counting of 
2nd generation 
biofuels 
Implemented in 2009 to promote 2nd generation biofuels over 
1st generation biofuels. 2nd generation biofuels are weighted 
by factors between 2 to 4 for the calculation of the total 
market share. Thus, the contribution of 2nd generation 
biofuels is given a 2-4-fold higher rating than 1st generation 
biofuels, and the market share quota can be reached with a 
lower total amount of biofuels than without weighting. 
Not regulated Four times the 
total biofuel 
market share 
quota 
Emission savings 
compared to fossil 
fuel 
Implemented in 2009 to ensure that the use of biofuels 
results at least in minimal emission reductions compared to 
fossil fuels. 
Not regulated 60% in 2014 
Land use change Implemented in order to prevent unintended social impact 
from land use change (LUC). Greenhouse gas emissions 
induced by direct (dLUC) and indirect (iLUC) LUC have to 
be accounted for when calculating life cycle emissions of 
biofuels. First, dLUC emissions were accounted for if 
biomass was not cultivated on derogated area (with a bonus). 
In 2012, iLUC emissions also had to be accounted for, and 
the bonus for growth on derogated land was withdrawn. 
Not regulated dLUC and 
iLUC 
Maximal market 
share of 1st 
generation biofuels 
Implemented in 2012; the maximal market share quota 
restricted 1st generation biofuels to promote the production 
of 2nd generation biofuels. 
Not regulated 5.5% in 2020 
Minimal market 
share of 2nd 
generation biofuels 
Implemented in 2012; a minimal market share of 2nd 
generation biofuels was required to enforce the market 
introduction of 2nd generation biofuels. 
Not regulated 2% in 2020 
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As shown in Table B - 2, EU biofuel regulations have been modified several times during 
the last years. Within this process, novel political instruments were introduced (e.g. 
emission saving targets in 2009) and requirements of existing legal instruments were 
modified (e.g. the total biofuel market share quota defined for 2020 was reduced from 20% 
to only 6% over time). The changing EU biofuel regulations were mainly a political 
reaction to emerging discussions in society and media on unintended side effects resulting 
from the utilization of biofuels. For instance, the food vs. fuel debate resulted in 
emphasizing 2nd generation biofuels for the calculation of total biofuel share. Due to 
unexpected low emission savings of 1st generation biofuels, the emissions savings target 
was introduced. In addition, the debate on limited biomass availability and land use change 
causing damage to the ecosystem (e.g. clearing of rain forests for palm oil) resulted in the 
consideration of land use change emissions when calculating the life cycle emissions of 
biofuels. 
Table B - 2 Historical development of European biofuel legislation (according to Hombach & Walther (2015)) 
Political 
instrument 
Political regulation 
COM(97)599 COM(2000)769 
COM(2001)264 
COM(2002)547 
2003/30/EC 
2009/28/EC 
2009/30/EC 
COM(2012)595 2012/0288(COD) 
Total biofuel 
market share 
10% in 2010 7% in 2010 
20% in 2020 
2% in 2005 
5.75% in 2010 
2% in 2014 
4% in 2017 
6% in 2020 
6% in 2020 6% in 2020 
Multiple 
counting of 2nd 
generation 
biofuels 
   Double Double to four 
times 
Double to four 
times 
Emission 
savings 
compared to 
fossil fuel 
   35% in 2009 
50% in 2017 
60% in 2018 
60% in 2014 35% in 2017 
60% in 2018 
Land use 
change 
   dLUC with 
bonus 
dLUC without 
bonus 
dLUC and iLUC 
Maximal 
market share 
of 1st 
generation 
biofuels 
    5% in 2020 5.5% in 2020 
Minimal 
market share 
of 2nd 
generation 
biofuels 
     2% in 2020 
 
The constantly changing biofuel regulations of the European Union result in a lack of 
planning certainty for potential investors. Therefore, there is a need to analyze the impact 
of the uncertain legal requirements on investment decisions and to determine robust 
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investment decisions for hybrid biofuel supply chains taking into account the uncertain 
political developments. 
For the consideration of the uncertain development of legal requirements, ranges in legal 
limits and quotas over time have to be taken into account. Investors do not have 
information or probabilities on how the legal instruments will develop in the future. 
However, precise scenarios can be deduced based on the minimum and maximum limits 
presented in Table B - 1. 
B.3.3 Risk attitude of the investor 
The risk attitude of an investor can be classified as anything between risk-neutral and risk-
averse (Rockafellar & Royset, 2015). A risk-neutral investor anticipates the occurrence of 
the nominal (expected) value for all uncertain parameters. Thus, the investor acts in a 
rather optimistic way and neglects the uncertain characteristic of the planning situation. A 
risk-averse investor, on the other hand, anticipates the worst-case scenario for all uncertain 
parameters. Thus, this type of investor acts in a more pessimistic way. The degree of 
robustness of a solution represents the robustness of the solution against the uncertain 
parameter development. Thus, to archive a high degree of robustness the worst-case 
development of the uncertain parameters has to be anticipated. According to this definition, 
a risk-averse decision maker seeks a high degree of robustness, and the needs of a risk-
neutral decision maker are satisfied with a low degree of robustness. 
As stated before, different potential investor groups exist such as the fossil fuel industry, 
the automotive industry, agricultural consortia, or new players such as Vapo. These 
investor groups are faced with different risks and have varying risk perceptions. The 
different risks may be: (I) the risk of not being able to meet the demands of a potentially 
increasing biofuel market share, or (II) the risk that demand for biofuel does not increase if 
the biofuel market share quota does not increase. Currently, the fossil fuel industry takes 
on a more conservative approach (i.e. is more risk-averse) and thus expects low biofuel 
quotas (demand). They do not invest in new biofuel supply chains and pursue their 
conventional business model. In doing so, they face the risk that they will not be able to 
meet the demands of an increasing biofuel quota. Forward-thinking investors and 
innovative technology development companies such as Vapo expect increasing biofuel 
quotas and thus an increasing demand for biofuels in the future, and are therefore more 
risk-neutral (optimistic). As a result, they are more willing to invest in new biofuel supply 
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chains. Due to the high installation costs especially for 2nd generation biofuels they can 
expect to be rewarded (e.g. by subsidies, technology leadership, tax relief or higher prices 
for alternative fuels) if the biofuel market share quota does, in fact, increase (like the 88.5 
m€ paid by the Finnish government to support Vapo). However, if the biofuel quota does 
not increase, the risk-neutral decision maker faces the risk of not reaping any of these 
benefits and creating over-capacities. This was the case for the Vapo company, which took 
on a risk-neutral approach and expected an increase in the biofuel quota (demand) in the 
EU. 
B.3.4 Model requirements 
Based on the analysis of the hybrid biofuel supply chain and the EU biofuel regulations, 
we derive the following requirements for a decision support framework: 
 Based on the network structure shown in Figure B - 1, a hybrid biofuel supply 
chain for the production of 1st and 2nd generation biofuels has to be designed. To do 
so, potential material flows as well as varying technologies and capacities have to 
be accounted for. On the input side, the availability of biomass (cultivation area and 
biomass import capacities) has to be considered. On the demand side, information 
about fuel demand is essential.  
 Strategic decisions have to be made about the network structure, technologies and 
capacities regarding all interdependencies within the network. Therefore, an 
optimization model has to be developed to simultaneously determine all of the 
above decisions. 
 Long-term investment decisions have to be made, which require a multi-period 
model for the optimal design of the hybrid biofuel supply chain over time. 
 Different risk attitudes of the investors ranging from risk-neutral to risk-averse 
have to be considered in order to account for the different potential investor groups. 
Thus, the influence of different risk attitudes on the profitability of the supply chain 
has to be considered and the trade-off between the degree of robustness (specific 
risk attitude) and profitability of the supply chain has to be analyzed. 
 The uncertain development of political regulations has to be considered based on 
future scenarios without the knowledge of related probability distributions. 
In the next section, we analyze the literature with regard to the model requirements derived 
above. 
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B.4 Literature review 
A multitude of papers covering biofuel supply chain planning problems can be found in the 
literature, e.g. regarding hybrid biofuel supply chains (e.g. Giarola, Shah, & Bezzo, 2012), 
multi-periods (e.g. Avami, 2013), different plant concepts (e.g. You & Wang, 2011), 
capacity classes (e.g. Zhang, Osmani, Awudu, & Gonela, 2013), political regulations (e.g. 
Hombach & Walther, 2015), and import aspects (e.g. Gunnarsson, Rönnqvist, & Lundgren, 
2004). An overview of biofuel supply chain planning problems can be found in An, 
Wilhelm, & Searcy (2011); Ba, Prins, & Prodhon (2016); Elia & Floudas (2014); Meyer, 
Cattrysse, Rasinmäki, & van Orshoven (2014); and Yue, You, & Snyder (2014). However, 
none of these studies consider all requirements that we derived in section 2. Most papers 
that consider uncertain data within optimization models focus on market uncertainties 
including biofuel price (e.g. Dal-Mas, Giarola, Zamboni, & Bezzo, 2011), biomass price 
(e.g. Osmani & Zhang, 2014), biofuel demand (e.g. Gonela, Zhang, & Osmani, 2015), 
biomass availability (e.g. Marufuzzaman, Eksioglu, & Huang, 2014), or transportation 
costs (e.g. Lee, 2014). Additionally, some researchers consider uncertainties resulting from 
uncertain technological developments (e.g. Xie & Huang, 2013). For an overview of 
uncertainty in biofuel supply chains see Awudu & Zhang (2012). None of these studies 
focus on uncertainties related to political biofuel regulations. 
Different methods for the integration of uncertain data into optimization models exist: (I) 
stochastic optimization, (II) fuzzy optimization, and (III) robust optimization. Stochastic 
optimization methods can be applied if the probability distribution of uncertain data is 
known in advance or can be derived from past periods (Birge & Louveaux, 2011). Fuzzy 
optimization is used if the information about uncertain data is vague and cannot be 
described precisely (Zimmermann, 2001). If probability distributions of parameters cannot 
be derived, but scenarios on future developments can be retrieved, robust optimization can 
be applied (Soyster, 1973). For the planning problem analyzed in this paper there is no 
information available about the probability distribution of the uncertain parameters for 
legal limits and quotas, but precise scenarios can be derived based on the historical 
development of political regulations over time. Therefore, robust optimization approaches 
seem to be the most appropriate for the underlying planning situation. 
Until now, most publications on biofuel supply chains use stochastic optimization to 
account for uncertain market and demand data (e.g. Giarola, Bezzo, & Shah, 2013). One 
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exception are Tong, Gleeson, Rong, & You (2014) who use fuzzy optimization for 
uncertain conversion rates, operating costs, biomass availability and demand. Only the two 
publications of Tong, You, & Rong (2014) and Walther, Schatka, & Spengler (2012) 
consider robust optimization methods, but focus on uncertain demand, biomass 
availability, and investment costs. Thus, none of these models focus on uncertain political 
regulations. 
As outlined in section 2, different risk attitudes of investors have to be considered in order 
to deduce information about the trade-off between the profitability and the degree of 
robustness of the solution (or the risk attitude of the decision maker). Until now, different 
risk attitudes of investors in biofuel supply chains are mainly regarded using stochastic 
optimization models (e.g. Kostin, Guillén-Gosálbez, Mele, Bagajewicz, & Jiménez, 2012; 
Walther et al., 2012). In addition, these models do not account for risk attitudes towards 
uncertain legal developments. 
To our knowledge, so far no publication exists which (I) analyzes the impact of different 
risk attitudes on the investment decision, (II) examines the trade-off between the risk 
attitude and the profitability of the solution, and (III) uses robust optimization methods. 
To overcome this research gap we develop a bi-objective robust hybrid multi-period 
optimization model for simultaneous decisions on technology, import of biomass and 
biofuel as well as blending of biofuels with a focus on the uncertain legal development and 
the risk attitudes of decision makers. 
B.5 Robust optimization model for the fuel sector 
In this section we present the bi-objective robust model to identify the trade-off between 
the profit and the degree of robustness of the investment decision regarding the uncertain 
development of political regulations. First, we present a basic deterministic network flow 
model that is able to account for all material flows, processes and derived decisions within 
the hybrid biofuel supply chain in section 4.1. Based on this deterministic model structure 
first described by Hombach & Walther (2015) and Hombach, Cambero, Sowlati, & 
Walther (2016), necessary extensions for the uncertain planning environment due to 
unstable biofuel regulations are discussed in section 4.2. The solution for solving the bi-
objective robust counterparts is presented in section 4.3. 
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B.5.1 Biofuel supply chain model 
We model the hybrid biofuel supply chain as a system encompassing biomass cultivation, 
biomass supply, selection of technology and capacity, import of biomass and/or biofuel, 
transportation, production, blending, and demand as a network flow problem (see Figure B 
- 2). Biomass and intermediate products are classified as input materials that are 
transformed into biofuels. The transformation takes place at production plants that may 
have different technologies and capacities. Finally, produced and imported biofuels are 
mixed into biofuel blends to satisfy total biofuel demand. 
 
Figure B - 2 Hybrid biofuel supply chain: Decisions; Restrictions; Profit 
Considering the network structure, decisions are made regarding the installed capacity, 
technology, and total number of production facilities. Additionally, allocation decisions are 
made in each phase regarding the amount of cultivated biomass in the domestic country, 
imported biomass, produced and imported biofuels, and final biofuel blends. It is important 
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to note that the minimum and maximum demand for specific biofuels depends solely on 
the EU biofuel regulation because biofuels are not competitive and are produced only to 
fulfil the mandatory market share for 1st or 2nd generation biofuels. Therefore, the future 
development of EU biofuel regulations has very high relevance for all long-term, non-
revisable investment decisions regarding aspects such as network structure, choice of 
technology, and capacity (Hombach & Walther, 2015). 
We assume that the decision maker's objective is to maximize the discounted net present 
value (NPV) as the balance of discounted total return minus discounted costs. In doing so, 
we calculate the total return of the production network as the total revenue of the sold 
biofuel blend. Investment costs are regarded for the installation of new production facilities 
with specific capacities. We calculate production costs as the fixed annual production costs 
for used facilities and variable costs for cultivation and conversion of biomass as well as 
transportation costs for biomass, biofuel and intermediate products. In addition, imported 
biomass and imported biofuel are accounted for as well as the carrying amount of already 
installed production facilities. The carrying amount represents the amortized cost of the 
production facilities which already exist at the beginning of the planning horizon (i.e. 1st 
generation production plants with given capacities). 
The aim of the investor and thus the objective of the optimization model is to maximize the 
profitability (discounted NPV) of the hybrid biofuel supply chain. However, as EU 
regulations are uncertain, the related degree of robustness of the solution must also be 
considered in order to derive robust investment decisions taking into account the decision 
maker's specific risk attitude.  
Therefore, an extension of the deterministic network flow model to a robust model is 
necessary. To do so, in the following we discuss the considered uncertainties. Note that, 
due to reasons of space, the mathematical formulation of the optimization model is 
provided in the supplementary material. 
B.5.2 Uncertain legal regulations 
In section 2.2 all six legal instruments implemented by the EU were presented. The 
frequent and extensive changes of the individual parameters (e.g. limits, quotas) would 
exceed the space restriction notably. Thus, in the following, we focus on two selected 
political instruments to derive insights on the robustness of investment decisions with 
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regard to two legal uncertainties: (I) total biofuel market share (Q1) and (II) minimum 2nd 
generation biofuel market share (Q2). We chose these two instruments because they 
exhibited the highest variations over the last years (see Table B - 1). In addition, they 
directly influence the demand (market share) of the different types of biofuel produced, 
while other instruments (e.g. accounting of land use change emissions) have a more 
indirect impact on demand. Table B - 3shows how these two political instruments, namely 
total biofuel market share quota (Q1) and minimum market share quota for 2nd generation 
biofuels (Q2), can be considered in the optimization model. An overview of the 
implementation for the remaining uncertain political regulations is provided in the 
supplementary material. 
Table B - 3 Implementation of selected uncertain political instruments 
Political instrument Implementation 
Q1: Total biofuel market 
share 
A certain total market share quota has to be fulfilled by the sum of 1st and 2nd generation 
biofuels (constraint B-1) 
Q2: Minimum market 
share of 2nd generation 
biofuels 
A certain minimum blending quota for 2nd generation biofuels has to  be fulfilled (constraint 
B-2) 
 
The two legal instruments Q1 and Q2 are added to the network flow optimization model as 
two constraints. Constraint (B-1) ensures that the total biofuel market share quota (?̃?𝑏𝑡𝜉) for 
fuel type 𝑏 (e.g. diesel or gasoline) is fulfilled by all blended biofuels (𝑥𝑘𝑏𝑡) from types 𝑘 
(e.g. 1st or 2nd generation biodiesel) regarding the specific energy density of the biofuel 
(𝜔𝑘𝑏) in all periods 𝑡. The minimum market share quota of 2
nd generation biofuels (?̃?𝑘𝑏𝑡𝜉) 
is given in constraint (B-2). Note that all legal parameters (?̃?𝑘𝑏𝑡𝜉; ?̃?𝑏𝑡𝜉  ) are uncertain and 
are part of the uncertainty set 𝜉 ∈ 𝔘. 
∑ 𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏
𝑘∈𝐾
≥ 𝐷𝑏𝑡 ∙ ?̃?𝑏𝑡𝜉 
∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇, 𝜉 ∈ 𝔘 (B-1) 
𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ≥ 𝐷𝑏𝑡 ∙ ?̃?𝑘𝑏𝑡𝜉 ∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾(2𝑛𝑑 𝑔𝑒𝑛. 𝑏𝑖𝑜𝑑𝑖𝑒𝑠𝑒𝑙), 𝑡 ∈ 𝑇, 
𝜉 ∈ 𝔘 
(B-2) 
Only none-negative flows are permitted. 
B.5.3 Solution procedure: Bi-objective robust counterpart 
In this section we present the solution procedure for determining robust investment 
decisions based on the uncertain optimization model (shown in section 4.1-4.2). As 
required, the solution procedure has to be applicable without knowledge of the probability 
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distribution of the uncertain legal parameters. In addition, the aim is to analyze the impact 
of the risk attitude on the optimal investment decision. Since the various investor groups 
(automobile manufacturers, agricultural consortia, energy sector) have differing risk 
attitudes (see section B.3.3), results should be derivable for a broad range of risk attitudes. 
Therefore, we aim to obtain information on the trade-off between the risk attitude of the 
decision maker and the profitability of the solution.  
Different methods (so-called robust counterparts) exist for the calculation of robust 
solutions. In Table B - 4 we provide a classification with regard to the different risk 
attitudes of decision makers. For the planning situation presented in this paper, the bi-
objective robust counterpart is appropriate as it is able to deal with different risk attitudes 
of decision makers that do not need to be known in advance. Furthermore, it allows for an 
analysis of the trade-off between the degree of robustness and the profitability. As can be 
seen in Table B - 4, most robust counterparts can handle only risk-averse attitudes (e.g. the 
strict robust counterpart (Soyster, 1973)), or require precise information on the risk attitude 
of the decision maker in advance (e.g. the Γ-robust counterpart (Bertsimas & Sim, 2003)). 
The bi-objective robust counterpart is the only one that can visualize the trade-off between 
the degree of robustness (risk attitude) and the optimality of the solution. The bi-objective 
robust counterpart was already applied by Schöbel & Kratz (2009) and Klamroth, Köbis, 
Schöbel, & Tammer (2012). Schöbel & Kratz (2009) used the bi-objective robust 
counterpart to find robust timetables, while Klamroth et al. (2012) provided an overview of 
different robustness concepts. 
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Table B - 4 Overview of existing robust counterparts classified according to risk attitudes covered 
Robust counterparts  Risk attitude Trade-
off 
Minmax robust / strict robust(Soyster, 1973) Risk-averse No 
Regret robust (Kouvelis & Yu, 1997) Risk-averse No 
Adjustable robust (Ben-Tal, Goryashko, Guslitzer, & Nemirovski, 2004) Risk-averse No 
Recoverable robust (Liebchen, Lübbecke, Möhring, & Stiller, 2009) Risk-averse No 
Recover-to-optimality robust (Goerigk & Schöbel, 2014) Risk-averse No 
Comprehensive robust (Ben-tal, Boyd, & Nemirovski, 2006) From risk-neutral to risk-averse No 
Single-band robust / Γ-robust / method from Bertsimas & Sim (Bertsimas 
& Sim, 2003) 
From risk-neutral to risk-averse No 
Multi-band robust (Büsing & D'Andreagiovanni, 2013) From risk-neutral to risk-averse No 
Reliability robust (Ben-tal & Nemirovski, 2000) From risk-neutral to risk-averse No 
Bi-objective robust (Schöbel & Kratz, 2009) From risk-neutral to risk-averse Yes 
Light robust (Fischetti & Monaci, 2009) From risk-neutral to risk-averse Partly 
 
Equations (B-3) – (B-7) show the bi-objective robust counterpart which we use to solve the 
uncertain optimization model. Within our planning problem there exist two uncertain 
parameters in the constraint vector ?̃?, namely the uncertain total biofuel quota (Q1) and the 
2nd generation biofuel quota (Q2) (see Table B - 3). In general, the uncertain parameters 
can take any value ?̃?𝑖 ∈ [𝑏𝑖, ?̂?𝑖] in which 𝑏𝑖 represents the nominal (expected) value and ?̂?𝑖 
the worst-case value. In our example, the nominal (expected) value resembles a low total 
biofuel market share (6%), while the highest quota discussed over the last years is set as 
the worst-case value (20%). As a result, a risk-neutral decision maker would plan based on 
the nominal value and would therefore avoid expensive investments as much as possible, 
investing only to achieve the lowest quota discussed over time. A risk-averse decision 
maker, on the other hand, would base his planning on the worst-case value and thus build a 
production network with a capacity sufficient to achieve the higher quota. 
All uncertain constraints have to be feasible for the nominal values as claimed by 
constraint (B-6). However, the uncertain constraints must not be feasible for the worst-case 
value if the decision maker is not fully risk-averse (constraint (B-5)). We implement this 
by adding slack variables (𝜆𝑖
𝑏 ), which represent the risk attitude of the decision maker. The 
slack variables are controlled by a supplementary objective function (B-4) which we add to 
the original objective function of the uncertain optimization model (B-3). The 
supplementary objective function minimizes violation of the worst-case value, thus 
resembling the risk attitude of the decision maker. The slack variable is only allowed to 
take on positive values and must not exceed the nominal value. The solution 𝑥 takes on a 
value from the set of feasible solutions (𝑥 ∈ 𝑋) as claimed by constraint (B-7). Note that 
the bi-objective robust counterpart can also be applied if the uncertain parameter appears 
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within the objective function or on the left-hand side of the constraints (e.g. if a tax is 
provided as a legal instrument or if the weighting factor for 2nd generation biofuels is 
uncertain). 
𝑚𝑎𝑥 𝑁𝑃𝑉 (B-3) 
𝑚𝑖𝑛 ∑𝜆𝑖
𝑏
𝑖∈𝐼
 
𝑠. 𝑡. 
(B-4) 
∑?̂?𝑖𝑗𝑥
𝑗∈𝐽
≤ (?̂?𝑖 − 𝜆𝑖
𝑏)       ∀𝑖 ∈ 𝐼 (B-5) 
∑𝑎𝑖𝑗𝑥
𝑗∈𝐽
≤ 𝑏𝑖                ∀𝑖 ∈ 𝐼 
(B-6) 
0 ≤ 𝜆𝑏 ≤ (?̂?𝑖 − 𝑏𝑖); 𝑥 ∈ 𝑋 (B-7) 
If a set of uncertain parameters with different scales or/and units is considered, it is not 
possible to use the objective function presented in equation (B-4). To be able to combine 
different units and scales, the uncertain parameter valuations would have to be normed to a 
scale between zero and one to treat all uncertain parameters equally within the objective 
function. In this case, equation (B-4) would have to be replaced by equation (B-8). 
𝑚𝑖𝑛 1 −∑
(?̂?𝑖−𝜆𝑖
𝑏)−𝑏𝑖
?̂?𝑖−𝑏𝑖
𝑖∈𝐼
 
(B-8) 
In order to solve the bi-objective robust counterpart and to visualize the trade-off between 
the degree of robustness (risk attitude) and the profitability of the solution, we calculate the 
Pareto front. Different scalarization methods can be applied for the calculation of the 
Pareto front (for an overview, see Ehrgott (2006)). The selected 𝜖-constraint approach for a 
bi-objective optimization model with two objectives to be maximized (𝑓1(𝒙) and 𝑓2(𝒙)) is 
as follows: 
𝑚𝑎𝑥 𝑓1(𝒙) 
𝑠. 𝑡. 
𝑓2(𝒙) = 𝜖2 
𝑥 ∈ 𝑋  
(B-9) 
Here, 𝒙 is the vector of decision variables, 𝑓1(𝒙) and 𝑓2(𝒙) are the two objective functions 
and 𝑋 is the solution space. Pareto efficient solutions are obtained through parametrical 
variation of 𝜖2. 
Appendix 
 
B-18 
 
B.6 Case study: German biodiesel market 
In the following section, we apply the model to the case study of the German biodiesel 
production network under uncertain legal conditions. We start by presenting the input data 
(B.6.1) and present our results afterwards (B.6.2). 
B.6.1 Case study data 
Currently, investors have to decide whether and how to invest in facilities for the 
production of biodiesel. 1st generation biodiesel FAME (fatty acid methyl esters) and 2nd 
generation biodiesel BtL (Biomass-to-Liquid) can be used for blending into fossil fuels 
with varying ratios. According to European legislation, a total market share of biodiesel 
(FAME + BtL) is required, but market share limits vary over time and are thus uncertain. 
Additionally, the EU is currently discussing a 2nd generation market share quota. Thus, the 
total biodiesel market share as well as the ratio between 1st (FAME) and 2nd (BTL) 
generation biodiesel is currently uncertain. 
Based on this situation, investors have to decide whether and how to invest in hybrid 
biodiesel production plants. In this context, it is assumed that a risk-neutral decision maker 
(e.g. Vapo) expects higher biodiesel market share requirements than a risk-averse decision 
maker (e.g. the fossil fuel industry) as explained in section B.3.3. Thus, the considered risk 
is that the biofuel market share will not increase and as such, a wrong decision to invest is 
made. The explicit nominal and worst-case values of the political regulations are given in 
Table B - 5. 
Table B - 5 Values of uncertain political regulations 
Political instrument Implementation  Description 
Q1: Total minimum 
biodiesel market share 
Worst-case 2020: 6% 2009/28/EC 
Nominal 2020: 20% COM(2001)264 
Q2: Minimal market 
share of BtL 
Worst-case 2020: 0% 2009/28/EC 
Nominal 2020: 6% Total biodiesel market share 
 
Against this background, our aim is to analyze investment decisions taking into account 
these uncertain legal requirements. Therefore, we use the same data as presented by 
Hombach & Walther (2015). Costs and emissions are determined depending on biodiesel 
type, conversion technology, and biomass. Information on total diesel demand and prices is 
also derived. The planning horizon is defined as 20 years starting in 2013. An existing 
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infrastructure is available for the production of FAME, while investments would be 
necessary for BtL.  
The optimization model contains 8,925 constraints and 68,205 variables of which 240 are 
integers. We use CPLEX 12.6 to solve the model. An optimization time of approximately 
1,112 seconds is needed for the calculation of the Pareto front. 
B.6.2 Results 
In this section we present the case study results. For the case study, we design four 
different scenarios: in scenario 1, the nominal parameter values for Q1 (total minimum 
biodiesel market share) and Q2 (minimum market share of BtL) are considered (this 
corresponds to increasing total biofuel and BtL market share quotas). In scenario 2 we 
expect that for Q1 the worst-case and for Q2 the nominal parameter values will appear 
(this corresponds to an increasing BtL market share). For scenario 3, on the other hand, we 
assume for Q1 the nominal and for Q2 the worst-case parameter values (this corresponds to 
increasing total biofuel market share quotas). Finally, in scenario 4 both parameter values 
for Q1 and Q2 are set to the worst-case values (this corresponds to constant biofuel market 
share quotas; see Table B - 6). Thus, scenario 1 reflects the assumptions of a risk-neutral 
and scenario 4 those of a risk-averse decision maker. In the following, we answer the 
question of whether the two uncertain political regulations influence the optimal supply 
chain design. We do this by comparing the optimal solutions for the four scenarios. 
Afterwards, we answer the question what influence the risk attitude has on the performance 
of the hybrid biofuel supply chain by calculating the trade-off between the robustness and 
the performance of the supply chain. 
Note that we first consider the single-period case assuming that the 2020 thresholds have to 
be achieved on an annual basis. By doing so, the trade-off information as well as 
interdependencies between the regulations can be analyzed in more detail. Afterwards, we 
analyze the multi-period case. 
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Table B - 6 Analyzed scenarios representing the influence of the uncertain political instruments 
Political instrument Scenario 1 Scenario 2 Scenario 3 Scenario 4 
 
    
Risk attitude Risk-neutral   Risk-averse 
Q1: Total biodiesel market share Nominal Worst-case Nominal Worst-case 
Q2: Minimum BtL market share Nominal Nominal Worst-case Worst-case 
 
The scenario results are summarized in Table B - 7. In this section, we compare the 
optimal solutions for each scenario based on the installed production plants, used biomass, 
and profitability to analyze whether the uncertain political regulations (Q1 and Q2) 
influence the supply chain structure. 
If a total biodiesel market share quota of only 6% (worst-case) is required, the existing 
FAME production infrastructure in Germany is sufficient and no further investments are 
necessary to meet the demand (scenario 4). If a 6% market share (nominal) has to be 
covered by BtL only (scenario 2), additional BtL production plants have to be installed. In 
this case, the existing FAME production infrastructure is no longer used and therefore has 
to be shut down. Results for scenario 1 and scenario 3 are identical because in both 
scenarios FAME is used up to the maximum technical blending quota (due to the limited 
engine compatibility of FAME) of 7% (2003/30/EC). Thus, to fulfill the 20% total 
biodiesel market share quota (nominal), the remaining 14% have to be BtL. To fulfil the 
resulting biodiesel demand for scenario 1 and 3, additional infrastructures for FAME as 
well as new BtL production plants have to be installed.  
Regarding used biomass, palm oil is used for FAME production, as it is the cheapest 
biomass for FAME. Residual materials such as straw and wood are used for BtL 
production, but miscanthus has to be cultivated as well, since the amount of residual 
materials is not sufficient to cover the complete BtL demand. As a result, land use change 
appears for FAME as well as for BtL production, and therefore land formerly used for 
growing crops or other biomass would have to be used for growing biomass for biofuels. 
If the existing FAME infrastructure can be used and no other investments are necessary, 
the NPV is positive. However, as soon as investments are necessary for BtL plants, the 
NPV is negative (scenario 1-3). Thus, an increasing biodiesel market share leads to lower 
NPV due to higher production costs especially for BtL.  
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In conclusion, we find that the two uncertain political regulations have an influence on the 
optimal design of the hybrid biofuel supply chain. 
Table B - 7 Scenario results 
Political instrument Scenario 1 Scenario 2 Scenario 3 Scenario 4 
Installed capacity BtL (#) 11 6 11 0 
Installed capacity FAME (#) 12 0 12 10 
Market share BtL 14% 6% 14% 0% 
Market share FAME 7% 0% 7% 6% 
Used biomass Palm oil; straw; 
wood; miscanthus 
Straw; wood; 
miscanthus 
Palm oil; straw; 
wood; miscanthus 
Palm oil 
NPV - 3,734,971 € - 2,022,278 € - 3,734,971 € 401,656 € 
 
In the following, we analyze the influence of the risk attitude on the performance of the 
hybrid biofuel supply chain. To do so, the Pareto front representing the trade-off between 
the robustness and the performance (NPV) of the hybrid biofuel supply chain is presented. 
First, we present the Pareto front for the single political regulations Q1 and Q2. Second, 
the Pareto front is presented combining both uncertain political instruments. For a better 
visualization the degree of robustness (risk attitude) is normed to a 1-0 scale, where 0 
represents a low (risk-neutral) and 1 a high (risk-averse) degree of robustness. 
Figure B - 3 shows the Pareto front for the uncertain BtL market share quota (Q2). The 
extreme points of the Pareto front represent the results for scenario 4 (risk-averse) and 2 
(risk-neutral decision maker). 
Each step on the Pareto front represents the installation of a new BtL production plant, 
therefore the six steps represent the six BtL plants needed to fulfil the 6% BtL market share 
quota (see Table B - 7). It is evident that the higher the BtL market share is, the less 
profitable the hybrid biodiesel production plant becomes. Thus, an economic substitution 
(higher prices, subsidies) would be necessary to break even/earn profits. Note: this result is 
based on current prices and taxes. Investors who are currently willing to take a risk and 
invest in hybrid biodiesel supply chains (e.g. Vapo) expect economic conditions to change, 
e.g. increasing prices for biodiesel, monetary stipulations for biodiesel production from the 
government (subsidies, tax abatement), or they expect to be able to sell developed 
technology or production plants to more conservative, risk-averse companies as soon as 
high biofuel quotas have to be fulfilled. In the case of Vapo, for example, the company had 
already received subsidies in the amount of 88.5 m€ before they stopped their investment. 
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Thus, they would consider these monitory incentives in their planning problem, which 
would most likely lead to a positive NPV. 
 
Figure B - 3 Pareto front for the uncertain BtL market share quota (Q2) 
Figure B - 4 shows the Pareto front for the uncertain total biodiesel market share (Q1). 
Again, each of the 12 steps represents the installation of a new BtL production plant (see 
Table B - 7). As can be seen, a positive NPV can be achieved up to a total biodiesel market 
share of 8% or a risk attitude of about 0.95. Thereby, FAME is used up to the maximum 
technical blending quota of 7%. From this point onwards, the NPV decreases as the total 
biodiesel market share increases, because BtL has to be used to cover the quota, which 
calls for high investments and results in high production costs. The major findings are 
identical to those for Q2. Again, we find that the robustness and thus the selected risk 
attitude influences the design and profitability of the hybrid biofuel supply chain. 
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Figure B - 4 Pareto front for the uncertain total biodiesel market share quota (Q1) 
Figure B - 5 shows the Pareto front combining the uncertainty ranges of the total biodiesel 
(Q1) and BtL (Q2) market share quota. The major findings are identical to those of Figure 
B - 3 and Figure B - 4. Additionally, we find that although the results for scenario 1 and 3 
in Table B - 7 are identical, the Pareto fronts are different (see Figure B - 4 and Figure B - 
5). This difference is due to the interaction between the two uncertain political instruments 
Q1 and Q2. First, only FAME is blended until the maximum technical blending quota of 
7% is reached. The additional biodiesel quota has to be met by blending BtL. Thus, the 
remaining 8% to 20% total biodiesel quota (Q1) is met by blending additional BtL. The 
blended BtL counts not only towards fulfilling the total biodiesel (Q1) but also the BtL 
(Q2) market share quota. Thus, the blended BtL counts towards fulfilling both regulations 
and thus counts double for the degree of robustness until a market share of 6% BtL is 
reached. Thus, the two uncertain regulations are redundant. 
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Figure B - 5 Pareto front for the uncertain total and BtL market share quota (scenario 1) 
Until now, only the single-period case was studied to better understand the influence of 
different risk attitudes on the performance of the hybrid biofuel supply chain. In Figure B - 
6a) the Pareto front for the multi-period case and the two uncertain political regulations 
(total (Q1) and BtL (Q2) market share quota) are shown. In Figure B - 6b) the related 
market share quotas are shown. Point 1 in Figure B - 6 represents the maximal NPV. It is 
possible to achieve a positive NPV until point 2 is reached. The nominal and worst-case 
values for the multi-period case are shown in Table B - 8. Note that, as presented in Table 
B - 2, both quotas are always fixed for the period 2013-19 and then increase for the period 
2020-32.  
Table B - 8 Overview of the nominal and worst-case values of the uncertain political instruments 
Political instrument Implementation  Description 
Q1: Total minimum 
biodiesel market share 
Worst-case 2013-19: 2%; 2020-32: 6% 2009/28/EC 
Nominal 2013-19: 14%; 2020-32: 20% COM(2001)264 
Q2: Minimum market 
share of BtL 
Worst-case 2013-32: 0% 2009/28/EC 
Nominal 2013-19: 2%; 2020-32: 6% Maximum total biodiesel market 
share 
 
In Figure B - 6b) the development of the two quotas is shown depending on the degree of 
robustness (risk attitude). It is shown that, to begin with, the later total biodiesel market 
share quota (Q1 2020-32/Q1 2013-19) increases until the technical blending quota for 
FAME of 7% is reached. Afterwards, to allow for a further increase of the total biodiesel 
quota as well as the fulfillment of the BtL quota (Q2 2020-32/Q2 2013-19), the BtL quota 
starts to increase. It is possible to achieve a positive NPV as long as BtL production does 
not start before 2020 and total biodiesel market share does not exceed 19% or a risk 
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attitude of 0.25 (see point 2 in Figure B - 6). Another finding is that the NPV increases 
until the allowed 7% FAME is reached and no more than 2% BtL are blended after 2020. 
Thus, a total biodiesel market share of about 9% would be optimal for the hybrid biodiesel 
supply chain (see point 1). 
 
 
Figure B - 6 a) Pareto front for the uncertain total (Q1) and BtL (Q2) market share quota; b) market share 
development for the total (Q1) and BtL (Q2) quota for the years 2013-19 and 2020-32 
Concluding, the following recommendations for investors in hybrid biofuel supply chains 
can be derived: 
(I) The uncertain development of political biofuel regulations influences the profitability 
and the optimal design of the hybrid biofuel supply chain. Thus, it is important to 
design robust hybrid biofuel supply chain to ensure the profitability of the supply 
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chain irrespective of the uncertain development of the political regulation (see Figure 
B - 3 – Figure B - 6). 
(II) The profitability of the solution depends on the selected degree of robustness. In this 
context, the selected degree of robustness of the solution depends on the risk attitude 
of the decision maker. Thus, it is important to consider the risk attitude of the investor 
in the robust investment decision to ensure that the selected solution represents his 
specific risk attitude (see Figure B - 3 – Figure B - 6). 
(III) By analyzing the derived information about the trade-off of the different political 
instruments, the investor can understand the influence of the selected risk attitude on 
the profitability/design of the supply chain. Thus, he can decide whether the potential 
change in profitability is covered by the selected risk attitude (see Figure B - 3 – 
Figure B - 6). 
(IV) By analyzing the interactions between the different political instruments, the investor 
can identify redundant political instruments (see Figure B - 5). 
(V) Within the existing legal and economic set-up, it is only possible to achieve a positive 
NPV if the maximum amount of 1st generation biofuel is used and 2nd generation 
biofuels are used as gap fillers to reach the legal limit. However, for higher production 
rates of 2nd generation biofuels, subsidies or tax exemptions are required to ensure a 
positive NPV. 
B.7 Conclusion and outlook 
In this paper, we developed a bi-objective robust, multi-period technology, capacity choice 
and fuel blending optimization model for the biofuel market. We applied this model to the 
case study of the German biodiesel market to deduce recommendations for potential 
investors with different risk attitudes. The uncertain data relate to the possible development 
of the biofuel regulations introduced by the EU. To capture the different risk attitudes of 
possible investor groups, the trade-off between the risk attitude and the profitability of the 
solution was analyzed. It was shown that the optimal solution varies depending on the 
selected risk attitude of the decision maker. To calculate the influence of the risk attitude 
on the optimal solution, we applied the bi-objective robust counterpart to the uncertain 
optimization model and calculated the Pareto front using the ɛ-constraint approach. We 
found that a decision in favor of extending the production capacity for 2nd generation 
biofuel will only be made if the investor has a risk-neutral attitude and receives financial 
incentives such as subsidies or tax reliefs. 
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For further research, the model could be extended to account for additional uncertain 
parameters such as market uncertainties or further uncertain political regulations. In 
addition, one could apply different robustness concepts in order to analyze the influence of 
the selected robustness concepts on the optimal solution. 
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B.9 Supplementary information 
Notation 
Indices 
𝐹 Index set of input materials (biomass, intermediate product); 𝑓, 𝑓′ ∈ 𝐹 
𝐵 Index set of final fuel blend; 𝑏 ∈ 𝐵 
𝐿 Index set of production technologies; 𝑙, 𝑙′ ∈ 𝐿 
𝐾 Index set of biofuels; 𝑘 ∈ 𝐾 
𝐴 Index set of land use types; 𝑎 ∈ 𝐴 
𝑄 Index set of sources; 𝑞 ∈ 𝑄 
𝑇 Index set of periods; 𝑡 ∈ 𝑇 
𝐽 Index set of potential locations; 𝑗, 𝑗′ ∈ 𝐽 
𝑄𝐼𝑛𝑙𝑎𝑛𝑑 Index set of domestic sources; 𝑞 ∈ 𝑄𝐼𝑛𝑙𝑎𝑛𝑑; 𝑄𝐼𝑛𝑙𝑎𝑛𝑑 ⊆ 𝑄 
𝑀 Index set of markets; 𝑚 ∈ 𝑀 
𝑄𝐼𝑚𝑝𝑜𝑟𝑡 Index set of suppling sources; 𝑞 ∈ 𝑄𝐼𝑚𝑝𝑜𝑟𝑡; 𝑄𝐼𝑚𝑝𝑜𝑟𝑡 ⊆ 𝑄 
𝐶 Index set of capacity class; 𝑐 ∈ 𝐶 
Parameters and coefficients 
𝑉𝑎𝑞 Available area of type 𝑎 at source 𝑞 
𝜎𝑓𝑎𝑞  Yield for biomass 𝑓 cultivated on area 𝑎 at source 𝑞 
𝛾𝑓𝑙𝑘 Transformation coefficient for transforming input material 𝑓 with production technology 𝑙 into biofuel 
𝑘 
𝛾𝑓𝑙𝑓′
𝐼𝑛𝑡𝑒𝑟 Transformation coefficient for transforming input material 𝑓 with production technology 𝑙 into 
intermediate product 𝑘 
𝑈𝑐𝑙  Capacity of technology 𝑙 with capacity class 𝑐 
𝐷𝑚𝑏𝑡 Demand of final fuel blend 𝑏 at market 𝑚 in period 𝑡 
𝜔𝑘𝑏 Blending coefficient for biofuel 𝑘 into final fuel blend 𝑏 
𝜍𝑘𝑏 Technical blending restriction of biofuel 𝑘 into final fuel blend 𝑏 
?̃?𝑘𝜉  Uncertain 𝜉 number biofuel 𝑘 counts  
?̃?𝑏𝑡𝜉  Uncertain 𝜉 total minimal market share for final fuel blend 𝑏 in period 𝑡 
?̃?𝑘𝑏𝑡𝜉 Uncertain 𝜉 minimal market share for biofuel 𝑘 into final fuel blend 𝑏 in period 𝑡 
?̃?𝑘𝑏𝑡𝜉  Uncertain 𝜉 maximal market share for biofuel 𝑘 into final fuel blend 𝑏 in period 𝑡 
?̃?𝑏𝑡𝜉 Uncertain 𝜉 emission saving target for final fuel blend 𝑏 in period 𝑡 
𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙 GHG emissions for fossil fuel for the final fuel blend 𝑏 
𝐸𝑓𝑙𝑘
𝑃𝑟𝑜𝑑 GHG emissions for the production of biofuel 𝑘 with technology 𝑙 from input material 𝑓 
𝐸𝑓𝑞
𝐶𝑢𝑙𝑡 GHG emissions for the cultivation of biomass 𝑓 at source 𝑞 
𝐸𝑓𝑞𝑗
𝑇𝐵𝑀 GHG emissions for the transportation of biomass 𝑓 from domestic source 𝑞 to location 𝑗 
𝐸𝑗𝑗′
𝑇𝐼𝑁 GHG emissions for the transportation of intermediate product from location 𝑗 to location 𝑗′ 
𝐸𝑞𝑗
𝐼𝐵𝑀 GHG emissions for the import of biomass from suppling source 𝑞 to location 𝑗 
𝜆𝑓𝑙𝑘 Allocation factor biofuel k produced with technology l from input material f 
𝐸𝑗𝑚
𝑇𝐵𝐹 GHG emissions for the transportation of biofuels from location 𝑗 to market 𝑚 
𝐸𝑞𝑚
𝐼𝐵𝐹 GHG emissions for imported biofuels from source 𝑞 to market 𝑚 
𝐸𝑘
𝑈𝑠𝑒 GHG emissions for usage of biofuel 𝑘 
?̃?𝑓𝑎𝜉
𝐵𝑜𝑛𝑢𝑠 Uncertain 𝜉 GHG emission bonus if biomass 𝑓 is cultivated on area 𝑎 
?̃?𝑓𝑞𝜉
𝑐𝐿𝑈 Uncertain 𝜉 current carbon stock from biomass 𝑓 at source 𝑞 
?̃?𝑎𝑞𝜉
𝑜𝐿𝑈 Uncertain 𝜉 original carbon stock from area 𝑎 at source 𝑞 
?̃?𝑓𝑎𝜉
𝑖𝐿𝑈𝐶 Uncertain 𝜉 iLUC GHG factor if biomass 𝑓 is cultivated on area 𝑎 
𝑅𝑏𝑡 Return of fuel blend 𝑏 in period 𝑡 
𝐶𝑙𝑐
𝐼𝑛𝑣𝑒𝑠𝑡 Investment cost for production technology 𝑙 with capacity class 𝑐 
𝐶𝑓𝑡
𝐵𝑀 Cost of biomass 𝑓 in period 𝑡 
𝐶𝑙𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥 Fix production cost for production technology 𝑙 with capacity class 𝑐 
𝐶𝑓𝑙𝑘
𝑃𝑟𝑜𝑑𝑉𝑎𝑟 Variable production cost for processing biomass 𝑓 with technology 𝑙 with capacity class 𝑐 
𝐶𝑓𝑞𝑗
𝑇𝐵𝑀 Transportation cost for biomass 𝑓 from source 𝑞 to location 𝑗 
𝐶𝑗𝑚
𝑇𝐵𝐹 Transportation cost for biofuel from location 𝑗 to market 𝑚 
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𝐶𝑗𝑗′
𝑇𝐼𝑁 Transportation cost for intermediate product from location 𝑗 to location 𝑗′ 
𝐶𝑓𝑞𝑡
𝐼𝐵𝑀 Cost for imported biomass 𝑓 from source 𝑞 in period 𝑡 
𝐶𝑘𝑡
𝐼𝐵𝐹 Cost for imported biofuel 𝑘 in period 𝑡 
𝑖 Interest rate 
𝐵𝑉 Book value of already installed production plants 
Decision variables 
ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘  Ha of area type 𝑎 used for the cultivation of biomass 𝑓 at source 𝑞 in period 𝑡; information about the 
produced biofuel 𝑏, used production technology 𝑙, and final fuel blend 𝑘 are needed for the calculation 
of the GHG life cycle emissions 
𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑  Available biomass 𝑓 at the domestic source 𝑞 which is transported to location 𝑗 and technology 𝑙 in 
period 𝑡; information about the produced biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation 
of the GHG life cycle emissions 
𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
 Amount of imported biomass 𝑓 from supplying country 𝑞 to location 𝑗 and technology 𝑙 in period 𝑡; 
information about the produced biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the 
GHG life cycle emissions 
𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡
 Amount of imported biofuel 𝑘 from supplying country 𝑞 to market 𝑚 in period 𝑡; information about 
the produced biofuel 𝑏, used production technology 𝑙,used biomass 𝑓 are needed for the calculation of 
the GHG life cycle emissions 
𝑥𝑓′𝑗′𝑙′𝑓𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟  Amount of produced intermediate product 𝑓’ from input material 𝑓 at location 𝑗 with technology 𝑙 
which is transported to location 𝑗’ and technology 𝑙’ in period 𝑡; information about the produced 
biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the GHG life cycle emissions 
𝑏𝑓𝑗𝑙𝑡𝑏𝑘 Amount of input material 𝑓 available at location 𝑗 and technology 𝑙 in period 𝑡; information about the 
produced biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the GHG life cycle 
emissions 
𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑  Amount of biofuel 𝑘 produced from input material 𝑓 at location 𝑗 with technology 𝑙 for market m in 
period 𝑡; information about the produced biofuel 𝑏 is needed for the calculation of the GHG life cycle 
emissions 
𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒 Number of used production technologies 𝑙 with capacity class 𝑐 at location 𝑗 in period 𝑡 
𝑧𝑗𝑙𝑐𝑡 Number of available production technologies 𝑙 with capacity class 𝑐 at location 𝑗 in period 𝑡 
𝑦𝑗𝑙𝑐𝑡  Number of opened production technologies 𝑙 with capacity class 𝑐 at location 𝑗 in period 𝑡 
𝑥𝑚𝑘𝑏𝑡 Blended biofuel 𝑘 into final fuel blend 𝑏 at market 𝑚 in period 𝑡 
?̃?𝑏𝑡𝜉  Help variable: Uncertain 𝜉 GHG life cycle emissions of used biofuel blended into the final fuel blend 
𝑏 in period 𝑡 
?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑑𝐿𝑈𝐶  Help variable: Uncertain 𝜉 GHG emissions for dLUC for biomass 𝑓 used for the production of final 
fuel blend 𝑏 in period 𝑡; information about the used production technology 𝑙, and final fuel blend 𝑘 are 
needed for the calculation of the GHG life cycle emissions 
?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑖𝐿𝑈𝐶  Help variable: Uncertain 𝜉 GHG emissions for iLUC for biomass 𝑓 used for the production of final 
fuel blend 𝑏 in period 𝑡; information about the used production technology 𝑙, and final fuel blend 𝑘 are 
needed for the calculation of the GHG life cycle emissions 
 
Uncertain mathematical model 
Constraints for the hybrid biofuel supply chain 
In Constraint (B-10) the area that is used for the supply of biomass (ℎ𝑓𝑎𝑞𝑡𝑙𝑘) is limited by 
the original land use (𝑉𝑎𝑞). The source may be located within the domestic country 
(𝑄𝐼𝑛𝑙𝑎𝑛𝑑) or in a supplying country (𝑄𝐼𝑚𝑝𝑜𝑟𝑡). Due to the fact that dLUC/iLUC emission 
are calculated for the past 20 years (2010/335/EU) changing the land use of an area led to 
dLUC/iLUC emission in case the area is still used for biofuel production. Note that 
changes of the original land use are solely accounted in case of biofuel production. 
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∑ ∑ ∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘
𝑘∈𝐾𝑙∈𝐿𝑏∈𝐵𝑓∈𝐹
≤ 𝑉𝑎𝑞 
∀𝑎 ∈ 𝐴, 𝑞 ∈ 𝑄, 𝑡 ∈ 𝑇 (B-10) 
Constraint (B-11) limits total biomass transported from the domestic source to the 
production plant (𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ) to the available cultivation area (ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘) multiplied by the 
cultivation yield (𝜎𝑓𝑎𝑞). 
∑𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑
𝑗∈𝐽
= ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝜎𝑓𝑎𝑞
𝑎∈𝐴
 ∀𝑓 ∈ 𝐹, 𝑞 ∈ 𝑄
𝐼𝑛𝑙𝑎𝑛𝑑, 𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 
𝑙 ∈ 𝐿 
(B-11) 
Imported biomass (𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
) as well as biofuel (𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 1
𝛾𝑓𝑙𝑘
) must be equal to the 
available cultivation area in the suppling country (ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘) multiplied by the cultivation 
yield (𝜎𝑓𝑎𝑞). 
∑𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
𝑗∈𝐽
+ ∑ 𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙
1
𝛾𝑓𝑙𝑘
𝑚∈𝑀
= ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝜎𝑓𝑎𝑞
𝑎∈𝐴
 
∀𝑓 ∈ 𝐹, 𝑞 ∈ 𝑄𝐼𝑚𝑝𝑜𝑟𝑡, 𝑡 ∈ 𝑇, 
𝑏 ∈ 𝐵, 𝑙 ∈ 𝐿, 𝑘 ∈ 𝐾 
(B-12) 
Total input material (𝑏𝑓𝑗𝑙𝑡𝑏𝑘) must be equal to the domestic supplied (𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ) and 
imported (𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
) biomass as well as the intermediate products (𝑥𝑓′𝑗′𝑙′𝑓𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ). 
∑ 𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑
𝑞∈𝑄𝐼𝑛𝑙𝑎𝑛𝑑
+ ∑ 𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
𝑞∈𝑄𝐼𝑚𝑝𝑜𝑟𝑡
+ ∑ ∑ ∑𝑥𝑓′𝑗′𝑙′𝑓𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑙′∈𝐿𝑗′∈𝐽𝑓′∈𝐹
= 𝑏𝑓𝑗𝑙𝑡𝑏𝑘 
∀𝑓 ∈ 𝐹, 
𝑗 ∈ 𝐽, 
𝑙 ∈ 𝐿, 
𝑡 ∈ 𝑇, 
𝑏 ∈ 𝐵, 
𝑘 ∈ 𝐾 
(B-13) 
In the next step the total input material (𝑏𝑓𝑗𝑙𝑡𝑏𝑘) is transformed into biofuel (𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ) or 
intermediate products  (𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ). Thereby, conversion efficiency is specified by the 
following conversion coefficients (
1
𝛾𝑓𝑙𝑘
;
1
𝛾𝑓𝑙𝑓′
𝐼𝑛𝑡𝑒𝑟). 
𝑏𝑓𝑗𝑙𝑡𝑘𝑏 = ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙
𝑚∈𝑀
1
𝛾𝑓𝑙𝑘
+ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ∙
1
𝛾𝑓𝑙𝑓′
𝐼𝑛𝑡𝑒𝑟
𝑙′∈𝐿𝑗′∈𝐽𝑓′∈𝐹
 
∀𝑓 ∈ 𝐹, 𝑗 ∈ 𝐽, 𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇, 
𝑏 ∈ 𝐵; 𝑘 ∈ 𝐾 
(B-14) 
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The production capacity (𝑈𝑐𝑙) of the used plants (𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒) cannot be exceeded by the 
produced biofuels (𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ) or intermediate products (𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ). 
∑ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑏∈𝐵𝑘∈𝐾𝑚∈𝑀𝑓∈𝐹
+ ∑ ∑ ∑ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑘∈𝐾𝑏∈𝐵𝑙′∈𝐿𝑗′∈𝐽𝑓′∈𝐹𝑓∈𝐹
≤ ∑𝑈𝑐𝑙 ∙ 𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒
𝑐∈𝐶
 
∀𝑗 ∈ 𝐽, 
𝑙 ∈ 𝐿, 
𝑡 ∈ 𝑇 
(B-15) 
The number of used production plants (𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒) must not exceed the number of installed 
production plants (𝑧𝑗𝑙𝑐𝑡). 
𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒 ≤ 𝑧𝑗𝑙𝑐𝑡 ∀𝑗 ∈ 𝐽, 𝑙 ∈ 𝐿, 𝑐 ∈ 𝐶, 𝑡 ∈ 𝑇 (B-16) 
The total number of production facilities (𝑧𝑗𝑙𝑐𝑡) must not exceed the number of facilities 
already available (𝑍𝑗𝑙𝑐
0 ) plus the number of new installed production facilities (𝑦𝑗𝑙𝑐𝑡). 
𝑧𝑗𝑙𝑐𝑡 = {
𝑦𝑗𝑙𝑐𝑡 + 𝑍𝑗𝑙𝑐
0 𝑓𝑜𝑟 𝑡 = 1
𝑧𝑗𝑙𝑐𝑡−1 + 𝑦𝑗𝑙𝑐𝑡 𝑒𝑙𝑠𝑒
 
∀𝑗 ∈ 𝐽, 𝑙 ∈ 𝐿, 𝑐 ∈ 𝐶, 𝑡 ∈ 𝑇 (B-17) 
The volume of biofuel produced (𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ) and imported (𝑥𝑓𝑠𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡
) resembles the total 
biofuel available for blending (𝑥𝑚𝑘𝑏𝑡). 
∑ ∑∑𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
+ ∑ ∑ ∑𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡
𝑙∈𝐿𝑞∈𝑄𝐼𝑚𝑝𝑜𝑟𝑡𝑓∈𝐹
= 𝑥𝑚𝑘𝑏𝑡 
∀𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾, 
𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵 
(B-18) 
The biofuel blend (𝑥𝑚𝑘𝑏𝑡) cannot exceed the overall demand (𝐷𝑚𝑏𝑡). Thereby, coefficients 
𝜔𝑘𝑏 represent the blending of biofuel into final fuel blend according to the energy density 
of the blended bio-/fuel. 
∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏
𝑘∈𝐾
≤ 𝐷𝑚𝑏𝑡 
∀𝑚 ∈ 𝑀, 𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇 (B-19) 
Blended biofuels into fuel blend must be below the maximal (𝜍𝑘𝑏) quota due to technical 
compatibility with car engines (2009/30/EC). 
∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏
𝑚∈𝑀
≤ ∑ 𝐷𝑚𝑏𝑡 ∙ 𝜍𝑘𝑏
𝑚∈𝑀
 ∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇 (B-20) 
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Uncertain political constraints 
The minimal biofuel market share for the final biofuel blend (?̃?𝑏𝑡𝜉) must be fulfilled by the 
blended biofuel (𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏). Predefined biofuels count multiple times (?̃?𝑘𝜉) to the 
required biofuel market share. 
∑ ∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ∙ ?̃?𝑘𝜉
𝑚∈𝑀𝑘∈𝐾
≥ ∑ 𝐷𝑚𝑏𝑡 ∙ ?̃?𝑏𝑡𝜉
𝑚∈𝑀
 ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇, 𝜉 ∈ 𝔘 (B-21) 
The blended biofuel must be within the minimal (?̃?𝑘𝑏𝑡𝜉) and maximal (𝛽𝑘𝑏𝑡𝜉) market share 
quotas where again specific biofuels count multiple times (?̃?𝑘𝜉). 
∑ 𝐷𝑚𝑏𝑡 ∙ ?̃?𝑘𝑏𝑡𝜉
𝑚∈𝑀
≤ ∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ∙ ?̃?𝑘𝜉
𝑚∈𝑀
≤ ∑ 𝐷𝑚𝑏𝑡 ∙ 𝛽𝑘𝑏𝑡𝜉
𝑚∈𝑀
 
∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇, 𝜉 ∈ 𝔘 (B-22) 
The total GHG life cycle emissions of the blended biofuels (?̃?𝑏𝑡𝜉) must be less than the 
GHG emission saving quota (1 − ?̃?𝑏𝑡𝜉) multiplied by the GHG emissions of the fossil 
substitute (𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙) that would be generated by producing an equivalent amount (𝑥𝑚𝑘𝑏𝑡 ∙
𝜔𝑘𝑏) of fossil fuel. 
?̃?𝑏𝑡𝜉 ≤ 𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ (1 − ?̃?𝑏𝑡𝜉) ∙ ∑ ∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏
𝑘∈𝐾𝑚∈𝑀
 ∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇, 
𝜉 ∈ 𝔘 
(B-23) 
The total GHG life cycle emission for the biofuels (?̃?𝑏𝑡𝜉) are calculated as the sum of the 
GHG emissions of the biomass cultivation (𝐸𝑓𝑞
𝐶𝑢𝑙𝑡), dLUC (𝑒𝑓𝑏𝑡𝑙𝑘𝜉
𝑑𝐿𝑈𝐶 ), iLUC (𝑒𝑓𝑏𝑡𝑙𝑘𝜉
𝑖𝐿𝑈𝐶 ), biofuel 
production (𝐸𝑓𝑙𝑘
𝑃𝑟𝑜𝑑), biomass transportation (𝐸𝑓𝑞𝑗
𝑇𝐵𝑀), transportation of the intermediate 
product (𝐸𝑗𝑗′
𝑇𝐼𝑁), imported biomass (𝐸𝑞𝑗
𝐼𝐵𝑀), transported biofuel (𝐸𝑗𝑚
𝑇𝐵𝐹), imported biofuel 
(𝐸𝑠𝑚
𝐼𝐵𝐹), and the usage of the biofuels (𝐸𝑘
𝑈𝑠𝑒). Note that the allocation factor (𝜆𝑓𝑙𝑘) is used to 
allot the GHG life cycle emissions that correspond to the generated biofuel, assuming that 
the rest of the emissions are allotted to the by-product. 
Appendix 
 
B-36 
 
?̃?𝑏𝑡𝜉 = ∑ ∑ ∑ [∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝐸𝑓𝑞
𝐶𝑢𝑙𝑡
𝑞∈𝑄𝑎∈𝐴
+ ?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑑𝐿𝑈𝐶 + ?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑖𝐿𝑈𝐶
𝑘∈𝐾𝑙∈𝐿𝑓∈𝐹
+ ∑ ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑓𝑙𝑘
𝑃𝑟𝑜𝑑
𝑚∈𝑀𝑗∈𝐽
+ ∑ ∑𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑓𝑞𝑗
𝑇𝐵𝑀
𝑗∈𝐽𝑞∈𝑄
+ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ∙ 𝐸𝑗𝑗′
𝑇𝐼𝑁
𝑙′∈𝐿𝑗′,𝑗∈𝐽𝑓′∈𝐹
+ ∑ ∑𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑞𝑗
𝐼𝐵𝑀
𝑗∈𝐽𝑞∈𝑄
] ∙ 𝜆𝑓𝑙𝑘
+ ∑ ∑∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑘∈𝐾𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽
∙ 𝐸𝑗𝑚
𝑇𝐵𝐹
𝑓∈𝐹
+ ∑ ∑ ∑ ∑ 𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑞𝑚
𝐼𝐵𝐹
𝑘∈𝐾𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
+ ∑ ∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝐸𝑘
𝑈𝑠𝑒
𝑘∈𝐾𝑚∈𝑀
 
∀𝑏 ∈ 𝐵, 
𝑡 ∈ 𝑇, 
𝜉 ∈ 𝔘 
(B-24) 
The annual dLUC GHG emissions (?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑑𝐿𝑈𝐶 ) are calculated as the carbon stock of the 
original land use (?̃?𝑎𝑞𝜉
𝑜𝐿𝑈) per hectare minus the carbon stock of the current land use (?̃?𝑓𝑞𝜉
𝑐𝐿𝑈) 
per hectare and the potential bonus for the usage of depredated land (?̃?𝑓𝑎𝜉
𝐵𝑜𝑛𝑢𝑠). Where, the 
carbon stock per hectare (?̃?𝑎𝑞𝜉
𝑜𝐿𝑈;  ?̃?𝑓𝑞𝜉
𝑐𝐿𝑈) is calculated according to the calculation schema of 
the EU (2010/335/EU) where the emissions depend on the climate, soil type, and land 
management of the source and the original (𝑎) and current (𝑓) land use. The carbon stock 
depends on the soil organic carbon and above and below ground vegetation carbon stock. 
For the transformation of the carbon emissions into GHG emissions the factor 3.664 is 
used representing the difference of the molecular weight. Furthermore, the dLUC emission 
area divided over a period of 20 years. The calculation of the dLUC GHG emissions is 
done according to the calculation schema of the EU (2010/335/EU; ECOFYS, 2010). 
?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑑𝐿𝑈𝐶 = ∑ ∑ (ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘
𝑞∈𝑄𝑎∈𝐴
∙ ((?̃?𝑎𝑞𝜉
𝑜𝐿𝑈 − ?̃?𝑓𝑞𝜉
𝑐𝐿𝑈) ∙ 3.664 ∙
1
20
− ?̃?𝑓𝑎𝜉
𝐵𝑜𝑛𝑢𝑠)) 
∀𝑓 ∈ 𝐹, 𝑏 ∈ 𝐵, 
𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇, 
𝜉 ∈ 𝔘 
(B-25) 
The estimation of iLUC emissions is not possible by using the difference of the carbon 
stock of the original and current land use due to the fact that it is not known which land use 
type is actually changed for the cultivation of the displaced biomass from biofuel 
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production. Due to the fact the EU developed so called iLUC GHG emission factors 
according to the biomass type (SWD(2012) 343). We use this iLUC GHG emission factors 
(?̃?𝑓𝑎𝜉
𝑖𝐿𝑈𝐶) for the estimation of the iLUC GHG emissions (?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑖𝐿𝑈𝐶 ). 
?̃?𝑓𝑏𝑡𝑙𝑘𝜉
𝑖𝐿𝑈𝐶 = ∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ ?̃?𝑓𝑎𝜉
𝑖𝐿𝑈𝐶
𝑞∈𝑄𝑎∈𝐴
 ∀𝑏𝑓 ∈ 𝐹, ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇, 𝜉 ∈ 𝔘 (B-26) 
𝑦𝑗𝑙𝑐𝑡, 𝑧𝑗𝑙𝑐𝑡, and 𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒 are integer variables, only none-negative flows are permitted, and 
𝑧𝑗𝑙𝑐0 = 0. 
Objective function 
The objective function is to maximize the discounted net present value (with interest rate 
𝑖). Thereby, the return is calculated as total revenue from sold biofuel blend (𝑅𝑏𝑡). Total 
investments (𝐶𝑙𝑐
𝐼𝑛𝑣𝑒𝑠𝑡) result from installation of new production facilities. Production cost 
are calculated as fixed annual production cost (𝐶𝑙𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥) for used facilities and variable 
cost for cultivated biomass (𝐶𝑓𝑞
𝐵𝑀), conversion of biomass (𝐶𝑓𝑙𝑘
𝑃𝑟𝑜𝑑𝑉𝑎𝑟), as well as 
transportation cost for biomass (𝐶𝑓𝑞𝑗
𝑇𝐵𝑀), biofuel (𝐶𝑗𝑚
𝑇𝐵𝐹), and intermediate products (𝐶𝑗𝑗′
𝑇𝐼𝑁). 
Also, purchase cost for imported biomass (𝐶𝑓𝑞𝑡
𝐼𝐵𝑀) and biofuel (𝐶𝑘𝑡
𝐼𝐵𝐹) are accounted for as 
well as the book value (𝐵𝑉) of already installed production facilities. The book value 
represent the amortized cost of the production facilities already open in 𝑡 = 1. 
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max∑[[ ∑ ∑ ∑ 𝑥𝑚𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ∙ 𝑅𝑏𝑡
𝑏∈𝐵𝑘∈𝐾𝑚∈𝑀𝑡∈𝑇
− ∑∑∑𝑦𝑗𝑙𝑐𝑡 ∙ 𝐶𝑙𝑐
𝐼𝑛𝑣𝑒𝑠𝑡
𝑐∈𝐶𝑙∈𝐿𝑗∈𝐽
− ∑ ∑ ∑∑ ∑ ∑ 𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑓𝑡
𝐵𝑀
𝑘∈𝐾𝑏∈𝐵
− ∑∑∑𝑧𝑗𝑙𝑐𝑡
𝑈𝑠𝑒
𝑐∈𝐶𝑙∈𝐿𝑗∈𝐽𝑙∈𝐿𝑗∈𝐽𝑞∈𝑄𝑓∈𝐹
∙ 𝐶𝑙𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥 − ∑ ∑∑ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑓𝑙𝑘
𝑃𝑟𝑜𝑑𝑉𝑎𝑟
𝑏∈𝐵𝑘∈𝐾𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
− ∑ ∑ ∑∑ ∑ ∑ 𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑
𝑘∈𝐾
∙ 𝐶𝑓𝑞𝑗
𝑇𝐵𝑀
𝑏∈𝐵𝑙∈𝐿𝑗∈𝐽𝑞∈𝑄𝑓∈𝐹
− ∑ ∑∑ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑚𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑗𝑚
𝑇𝐵𝐹
𝑏∈𝐵𝑘∈𝐾𝑚∈𝑀𝑙∈𝐿𝑗∈𝐽𝑓∈𝐹
− ∑ ∑ ∑ ∑ ∑ 𝑥𝑓𝑗𝑙𝑓′𝑗′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑘∈𝐾𝑏∈𝐵
∙ 𝐶𝑗𝑗′
𝑇𝐼𝑁
𝑙,𝑙′∈𝐿𝑗,𝑗′∈𝐽𝑓,𝑓′∈𝐹
− ∑ ∑ ∑∑ ∑ ∑ 𝑏𝑓𝑞𝑗𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
𝑘∈𝐾𝑏∈𝐵
∙ 𝐶𝑓𝑞𝑡
𝐼𝐵𝑀
𝑙∈𝐿𝑗∈𝐽𝑞∈𝑄𝑓∈𝐹
− ∑ ∑ ∑ ∑ ∑ ∑ 𝑥𝑓𝑞𝑙𝑚𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐶𝑘𝑡
𝐼𝐵𝐹
𝑏∈𝐵𝑘∈𝐾𝑚∈𝑀𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
] ∙ (1 − 𝑖)−(𝑡−𝑡0)] − 𝐵𝑉 
(B-27) 
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C Pareto-efficient legal regulation of the biofuel market using a bi-objective 
optimization model 
C.1 Abstract 
Blending biofuels into fossil fuels allows for emission reductions in the transportation 
sector. However, biofuels are not yet competitive due to high production costs and 
investments and thus, legal requirements like blending quotas or emission thresholds must 
be issued if biofuels are to contribute to European CO2-reduction goals. Thereby, the aim is 
to establish Pareto-efficient long-term legal requirements. Against this background, we 
develop an optimization model for simultaneously minimizing life cycle greenhouse gas 
emissions and maximizing discounted net present value in order to analyze the overall 
system of biomass cultivation, (bio)fuel production and blending. The applied 𝜖-constraint 
approach allows to calculate Pareto-efficient solutions. The model is applied to the German 
(bio)diesel market. We show that current and past European Union directives are not 
Pareto-efficient and cause unintended side effects. As results, information about trade-offs 
between the two objectives (minimizing life cycle greenhouse gas emissions and 
maximizing discounted net present value) as well as recommendations on the design of the 
regulation is derived. 
Keywords: (P) Decision support systems; (B) multiple objective programming; MILP; 
multi-period planning; biomass-to-biofuel; sustainability 
C.2 Introduction 
The transportation sector consumes 26% of global delivered energy (EIA, 2013) and emits 
22% of global CO2 emissions, 75% of them resulting from road transportation (IEA, 2012). 
In the future, the usage of fossil fuels must be reduced in order to ensure supply security as 
well as projected emission savings within the transportation sector. One option for 
achieving these targets is the substitution of fossil fuels by biofuels (Dinh, Guo, & 
Mannan, 2009). Accordingly, global production of biofuels is expected to grow from 54 
bln in 2005 to 222 bln of biofuels in 2021 (OECD, 2012). However, high investments are 
necessary, and until now production costs of biofuels (BMU, 2011) are higher than those 
of fossil fuels. Thus, stipulation by political regulation is necessary (as is for instance 
intended by the European Union Renewable Energy Directive (2009/28/EC)). Against this 
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background, the paper focusses on the analysis and design of legal regulations for 
production, import and blending of biofuels for road transportation. 
Each type of fossil fuel (or fuel blend) can be substituted by different kinds of biofuels. 
Thereby, biofuels can be classified into 1st, 2nd, and 3rd generation biofuels (IEA, 2011). 
Where 1st generation biofuels are mainly produced from raw materials which can also be 
used within the food and fodder industry like e.g. corn or sugar can 2nd generation biofuels 
are mainly produced from residual materials like e.g. straw or residual wood. Biofuels of 
the 3rd generation on the other hand are produced from none agricultural materials like e.g. 
algae. Since 3rd generation biofuels are still not market-ready, they will not be discussed 
further. To date, political decision makers as well as investors have to decide, whether and 
to what extend 1st or 2nd generation biofuels should substitute fossil fuels in the future. 1st 
generation biofuels have disadvantages like low compatibility with engines, competition 
with food production and limited emission reduction potential. For 2nd generation biofuels, 
very high investments and production costs are needed (IEA, 2011). Both, production of 1st 
as well as 2nd generation biofuels might lead to land use change, e.g. if agricultural areas 
that have been used for cultivation of biomass for food or fodder are rededicated to 
cultivation of biomass for biofuels. Additionally, trade-offs occur with regard to life cycle 
emissions and costs. Thus, a thorough ex-ante analysis of the complex and interacting 
system of (bio)fuel production is a prerequisite for the design of long-term political 
regulations that are Pareto-efficient with regard to economic and environmental objectives. 
However, this was disregarded in the past and as a result, political regulations for the 
promotion of biofuels in the European Union (EU) changed repeatedly within the last 
years.  
Thus, we conduct an ex-ante analysis of the (bio)fuel production network in order to 
design and evaluate Pareto-efficient legal regulations. Thereby, the complete system of 
biomass cultivation, biofuel production as well as import of biomass, biofuel and fossil 
fuels has to be regarded, and all fuels that can be blended to fulfill total fuel demand (fossil 
fuels, 1st, 2nd generation biofuels) must be considered. Capacities of agricultural areas and 
potential land use change effects have to be taken into account in order to avoid unintended 
side effects. The system has to be evaluated regarding emission reduction and total costs 
simultaneously.  
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Against that background, we develop a bi-objective, multi-period optimization model, 
considering cultivation of biomass, production of biofuels, import of biofuels and biomass, 
as well as blending of fuels. Our aim is to identify Pareto-efficient solutions and to derive 
trade-off information for political decision makers regarding profit maximization and 
emission minimization. The paper is organized as follows. First, the planning problem is 
presented in section C.3, and a literature review is given in section C.4. In section C.5, the 
optimization model is developed, and applied to a case study in section C.6. Finally, 
conclusions and outlook on further research are given in section C.7. 
C.3 Planning problem 
In this section, the planning problem is characterized, followed by an overview of political 
regulations of the biofuel sector. Model requirements are derived as a result of this 
analysis. 
C.3.1 Biofuel production system 
The production system of the (bio)fuel sector (Figure C - 1) consists of three phases: (1) 
cultivation of biomass, (2) conversion of biomass into biofuels and (3) blending of biofuels 
and fossil fuels into final fuel blends sold at the market. 
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Figure C - 1 Structure of the (bio)fuel sector (LUC: land use change) 
In phase one the cultivation of biomass takes place. Several kinds of biomass may be used 
for biofuel production (IEA, 2011). These characteristics differ with regard to energy 
density, prices, availability, region of cultivation, and emissions during cultivation. The 
polluted emissions also depend on the type of land used for the cultivation, and on 
transportation distances between cultivation and fuel production. The capacity of the 
different types of agricultural land is limited. If biomass for biofuels is cultivated on land 
that was not used for the cultivation of energy crops so far, land use change appears 
(SWD(2012) 343). This results in accessory emissions that depend on the climate, soil 
type, land cover, and land management (2010/335/EU). However, it is still discussed how 
land use change can be integrated in legal regulations. If biomass is imported from other 
countries, emissions of biomass cultivation and land use change arising in the supplying 
countries must also be accounted for.  
In phase two, biomass is transformed into biofuel using fuel-specific production 
technologies. These production technologies differ with regard to permitted biomass, 
processes, degree of centralization, economies of scale, production capacities, conversion 
efficiencies, resulting by-products, investments and production costs. The polluted 
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emissions during production of biofuels vary depending on used biomass and production 
technology. Decentralized plant concepts convert biomass into an intermediate product in 
the proximity of biomass cultivation, and afterwards this intermediate is transported to a 
centralized synthesis facility (Trippe et al., 2013). In centralized plant concepts, all 
production steps are carried out within one production facility (Blades, Rudloff, & 
Schulze, 2005). Currently, there already exist plants for production of fossil fuels and 1st 
generation biofuels, whereas only pilot plants exist so far for 2nd generation biofuels 
(SWD(2012) 343). Biofuels and fossil fuels can also be imported from other countries, and 
costs, emissions as well as land use change have to be regarded for these fuels as well. 
Within phase three the final blending of fuels takes place. Thereby, the final blend 
depends on total demand for fuel blends, legal requirements regarding certain biofuel 
quotas and CO2 reduction goals, technical blending restrictions, and production costs. The 
final fuel blend may be pure in quality or can be blended from different kinds of fossil 
fuels and biofuels. Blending of 1st generation biofuels is limited (2009/30/EC) due to 
restricted compatibility with car engines. Blending of 2nd generation biofuels is not 
restricted, since synthetic biofuels have the same (or even better) quality as fossil fuels. 
Besides, the specific energy contents of the fuels have to be considered in the blending 
process. The total life cycle emissions of the sold fuel blend correspond to the average 
emissions of all (bio)fuels included in the blend (2009/28/EC). 
C.3.2 Political regulations of the fuel sector 
As can be seen in Table C - 1, legal regulations can be implemented at all life cycle phases 
of the fuel, i.e. biomass cultivation, biofuel production, biofuel distribution or total biofuel 
life cycle. 
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Table C - 1 Potential legal regulations along the biofuels’ life cycle (according to Sorda, Banse, & Kemfert, 2010, OECD, 
2008, REFUE, 2008) 
 
As can be seen, political instruments can be grouped into three different types of measures: 
a) regulatory measures (e.g. market share quotas, emission thresholds) providing specific 
minimum or maximum threshold values that have to be fulfilled by the market players, b) 
market based measures (e.g. taxes, subsidies) providing financial incentives for favorable 
technologies or products (or a financial burden for undesired ones), and c) suasive 
measures (e.g. information, promotions) aiming at a change of the behavior of the market 
players in a voluntary way. Legal regulations can contain only one of these political 
instruments (e.g. tax exactions for biofuels), but may also combine a set of different 
political instruments (e.g. biofuel tax exactions together with subsidies for the construction 
of new biofuel production plants and emission thresholds). An overview of political 
instruments for the (bio)fuel market applied in different countries around the world is 
given in Table C - 1. The different political instruments are classified regarding the three 
fuels’ life cycle phases and types of measurement. 
Table C - 2 illustrates the legal measures implemented in the EU since 1997. As can be 
seen, quotas for market shares for biofuels changed between 1997 and 2009. In 2009, 
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unintended side effects like the food vs. fuel debate (OECD, 2011) and land use change 
effects resulted in a modification of the type of regulation, and 2nd generation biofuels were 
granted double to quadruple weight in the calculation of the required biofuel market share. 
Furthermore, minimal emission savings have to be fulfilled. Since 2009, emissions 
resulting from land use change are integrated in the emission calculation (2010/335/EU, 
2012/028 (COD)). A bonus that had been provided for biomass cultivated on restored 
degraded land (2009/28/EC) was eliminated in 2012 (COM(2012) 595).  
Table C - 2 Development of legal instruments for the (bio)fuel market within the EU (LUC: land use change) 
 
Over time, a broad range of legal regulations for the (bio)fuel market was implemented. 
However, these regulations lead to unintended side effects and non-efficient results. The 
resulting changes of the regulatory framework lead to a lack of planning reliability for 
potential investors. Therefore, there is a need for long-term stable political regulations, 
which are Pareto-efficient and avoid unintended side effects. 
C.3.3 Modeling requirements 
Based on the analysis of the biofuel production network and the current and potential 
regulations, requirements for the optimization model can be derived. The production 
network is characterized by potential material flows, technologies, and capacities. At the 
input side, availability of biomass, i.e. agricultural area for biomass cultivation as well as 
import capacities for biomass and biofuel, must be considered. Additionally, land use 
change considerations have to be regarded in order to avoid unintended side effects. At the 
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demand side, total fuel demand should be considered, i.e. fuel blends composed of fossil as 
well as 1st and 2nd generation biofuels with related blending restrictions. In order to account 
for Pareto-efficient regulations, economic and environmental objectives have to be 
regarded. Since long term investment decisions have to be taken, a multi-period model is 
necessary. In the next section, existing studies are analyzed considering the derived 
requirements. 
C.4 Literature review  
A multitude of papers covering biofuel planning problems can be found in the literature, 
e.g. regarding bi-objectives (e.g. Bernardi, Giarola, & Bezzo, 2013), multi-periods (e.g. 
Avami, 2013), different plant concepts (e.g. Walther, Schatka, & Spengler, 2012), capacity 
classes (e.g. Zhang, Osmani, Awudu, & Gonela, 2013), and import aspects (e.g. 
Gunnarsson, Rönnqvist, & Lundgren, 2004). However, none of these studies considers all 
of the requirements. To evaluate ecological impacts, emissions have to be considered 
within the objective including life cycle emissions of all blended fuels as well as 
environmental effects of land use change. Existing planning models either neglect land use 
change (e.g. Bai, Hwang, Kang, & Ouyang, 2011) or integrate it as a constraint (e.g. 
Zamboni, Shah, & Bezzo, 2009; Andersen, Iturmendi, Espinosa, & Diaz, 2012; Osmani & 
Zhang, 2013; Akgul, Zamboni, Bezzo, Shah, & Papageorgiou, 2011). However, this does 
not allow accounting for unintended side effects of political regulations as the available 
biomass is being restricted right from the start. As an exception, Panichelli & Gnansounou, 
(2008) integrate land use change in the objective function. However, they do not consider a 
complementary economic objective, and thus, it is not possible to analyze eco-efficiency 
trade-offs. Therefore, a model that is able to account for impacts of land use change is still 
missing. 
Additionally, most planning models do not consider the whole fuel sector, but regard 
biofuels only, i.e. biofuels of the 1st generation exclusively (e.g. Santibañez-Aguilar, 
González-Campos, Ponce-Ortega, Serna-González, & El-Halwagi, 2011; Elia et al., 2013; 
Kim, Realff, & Lee, 2011) or 1st and 2nd generation biofuels without fossil fuels (e.g. 
Akgul, Shah, & Papageorgiou, 2012b; Giarola, Shah, & Bezzo, 2012). Thereby, the biofuel 
demand is modeled as fixed quota of total fuel demand. As a result, blending restrictions 
are neglected, and optimal blending quotas of the different kinds of (bio)fuels in the final 
fuel blend are not derived, but have to be given as external parameter. Thus, these models 
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neglect the complex interaction and market competition between fossil fuels as well as 1st 
and 2nd generation biofuels. Furthermore, limited substitution potential of fossil fuels by 
biofuels because of restrictions on biomass cultivation or biofuel import is not considered 
adequately. Additionally, only a share of the emissions and costs of the fuel sector is 
considered, which may lead to local optima.  
For the design of long-term stable Pareto-efficient political directives without unintended 
side effects, legal regulations have to be included in the optimization model. Thereby, 
existing planning problems for biofuel supply chains focus on market based mechanisms 
like taxation (e.g. Giarola, Zamboni, & Bezzo, 2011; Akgul, Shah, & Papageorgiou, 
2012a; Marufuzzama, Ekşioğlu, & Hernandez, 2014) or incentives (e.g. You & Wang, 
2011), which are integrated in the economic objective function. However, regulatory 
mechanisms like biofuel quotas or emission thresholds have to be considered as well. 
Concluding, there is lack of models that regard the total fuel demand that can be fulfilled 
by blending biofuels and fossil fuels. Also, land use change considerations are so far not 
adequately considered, and the design of Pareto-efficient political directives is not 
emphasized. To overcome the identified research gaps, a hybrid (biofuel/fossil fuel), bi-
objective, multi-period, technology, import and blending optimization model for the whole 
fuel sector, including fossil fuels as well as 1st and 2nd generation biofuels is developed 
optimizing economic as well as ecological objectives simultaneously, and regarding land 
use change as well. 
C.5 Bi-objective optimization model for the fuel sector 
In this section, the bi-criteria optimization model will be presented followed by an 
overview of solution procedures. 
C.5.1 Mathematical model 
The system encompassing biomass cultivation, biomass supply, biomass/biofuel import, 
transportation, production, blending and demand is modeled as network flow problem. 
Biomass and intermediate products are classified as input materials (𝑖 ∈ 𝐼), which can be 
transformed into biofuels and by-products as output materials (𝑚 ∈ 𝑀). Biomass can be 
cultivated on different kinds of agricultural areas (𝑎 ∈ 𝐴), either on the home market or in 
supplying countries (𝑠 ∈ 𝑆). Only selected types of biomass 𝑖 can be cultivated on 
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agricultural area 𝑎 (𝑎 ∈ 𝐴𝑖;  𝐴𝑖 ⊂ 𝐴, 𝑎 ∈ 𝐴𝑖𝑠; 𝐴𝑖𝑠 ⊂ 𝐴). The transformation takes place at 
production plants of different technologies 𝑝 (𝑝 ∈ 𝑃) and capacity class 𝑐 (𝑐 ∈ 𝐶). 
Technologies can transform selected inputs 𝑖 (biomass and intermediate products) into 
biofuels of different types 𝑚 (𝑝 ∈ 𝑃𝑖𝑚;  𝑃𝑖𝑚 ⊂ 𝑃) or into intermediate products 𝑖′ (𝑝 ∈
𝑃𝑖𝑖′ ;  𝑃𝑖𝑖′ ⊂ 𝑃). Finally, produced biofuels, imported biofuels and fossil fuels are mixed 
into different fuel blends 𝑘 (𝑘 ∈ 𝐾) in order to satisfy total fuel demand. The planning 
horizon is set to 𝑇 periods (𝑡 ∈ 𝑇). 
Considering the network structure, decisions can be taken regarding the installation of 
production facilities of a certain technology 𝑝 and capacity 𝑐 in a period 𝑡 (𝑦𝑝𝑐𝑡) and the 
number of production facilities of technology 𝑝 and capacity 𝑐 that are used in period 𝑡 
(𝑧𝑝𝑐𝑡
𝑈𝑠𝑒). Additionally, allocation decisions are taken in each period 𝑡 regarding cultivated 
biomass in the home market (𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑), imported biomass (𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
), production of 
intermediate products (𝑥𝑖𝑝𝑖′𝑡
𝐼𝑛𝑡𝑒𝑟) and final products (biofuels and by-products) (𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑), as 
well as imported biofuels (𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
) and blended fossil fuels (𝑥𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙).  
The aim of the optimization model is to determine Pareto-efficient solutions with regard of 
the two objectives: maximizing the discounted net present value and minimizing the 
polluted life cycle emissions of the fuel sector. 
Constraints 
Mass balance constraints 
Total material 𝑖 that is available for further conversion processes (𝑏𝑖𝑡) resembles biomass 
𝑖 cultivated on agricultural area 𝑎 in the home market (𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑) plus imported biomass 
𝑖 cultivated on area 𝑎 imported from supplying country 𝑠 (𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
), as well as intermediate 
products (𝑥𝑖′𝑝𝑖𝑡
𝐼𝑛𝑡𝑒𝑟) produced within process 𝑝. Only selected types of biomass 𝑖 can be 
cultivated on agricultural area 𝑎 (within country 𝑠) (𝑎 ∈ 𝐴𝑖; 𝑎 ∈ 𝐴𝑖𝑠). 
∑ 𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 + ∑ ∑𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 + ∑ ∑𝑥𝑖′𝑝𝑖𝑡
𝐼𝑛𝑡𝑒𝑟
𝑖′∈𝐼𝑝∈𝑃𝑖𝑖′𝑠∈𝑆𝑎∈𝐴𝑖𝑠𝑎∈𝐴𝑖
= 𝑏𝑖𝑡 
∀𝑖 ∈ 𝐼; 𝑡 ∈ 𝑇 (C-1) 
Total input material 𝑖 (𝑏𝑖𝑡) available in period 𝑡 can then be used for conversion processes 
generating either final products such as biofuel and by-products (𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑) or intermediate 
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products that can be processed in further conversion steps (𝑥𝑖𝑝𝑖′𝑡
𝐼𝑛𝑡𝑒𝑟). Thereby, conversion 
efficiency is specified by conversion coefficients ( 1
𝛾𝑖𝑝𝑚
; 1
𝛾
𝑖𝑝𝑖′
) depicting the units of biomass 
𝑖 needed within conversion process 𝑝 for production of one unit of output material 𝑚 
(respectively intermediate product 𝑖’). 
𝑏𝑖𝑡 = ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙
1
𝛾𝑖𝑝𝑚
𝑚∈𝑀
+ ∑ ∑𝑥𝑖𝑝𝑖′𝑡
𝐼𝑛𝑡𝑒𝑟
𝑖′∈𝐼𝑝∈𝑃𝑖𝑖′𝑝∈𝑃𝑖𝑚
∙
1
𝛾𝑖𝑝𝑖′
 ∀𝑖 ∈ 𝐼; 𝑡 ∈ 𝑇 (C-2) 
The volume of biofuel produced in the home market (𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑), imported biofuel (𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
) 
from country 𝑠 and fossil fuel (𝑥𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙) resemble total fuel available for blending (𝑥𝑚𝑘𝑡). 
Thereby, information on biomass 𝑖, cultivation area 𝑎, production technology 𝑝 and 
supplying country 𝑠 are needed for the calculation of life cycle emissions (see equation 
(10)). 
∑ ∑ [𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 + ∑ ∑𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
𝑠∈𝑆𝑎∈𝐴𝑖𝑠
]
𝑝∈𝑃𝑖𝑚𝑖∈𝐼
+ 𝑥𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 = ∑ 𝑥𝑚𝑘𝑡
𝑘∈𝐾
 
∀𝑚 ∈ 𝑀; 𝑡 ∈ 𝑇 (C-3) 
The demand for final fuel blends 𝑘 in period 𝑡 (𝐷𝑘𝑡) is fulfilled by blending several kinds 
of fuels 𝑚 (𝑥𝑚𝑘𝑡). Thereby, coefficients (𝜔𝑚𝑘) represent the blending of fuel 𝑚 into final 
fuel blend 𝑘 according to the energy densities of the blended fuels.  
∑ 𝑥𝑚𝑘𝑡 ∙ 𝜔𝑚𝑘
𝑚∈𝑀
= 𝐷𝑘𝑡 
∀𝑘 ∈ 𝐾; 𝑡 ∈ 𝑇 (C-4) 
Capacity constraints 
Total area needed for domestic cultivation of all kinds of biomass 𝑖 on a certain area type 𝑎 
is modeled by volume of biomass cultivated for biomass production (𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑) multiplied 
by an area-specific yield coefficient (
1
𝜎𝑖𝑎
). Area types 𝑎 can be e.g. forest, grassland, crop 
land for food production, crop land for biofuel production etc. Biomass for biofuel usually 
grows on area type “crop land for biofuels”. However, biomass i might also be cultivated 
on other area types (like forest, crop land for food production, etc.). In this case, land use 
change results, and land use change emissions have to be accounted for. Accordingly, land 
use change emissions are set to zero (𝐸𝑖𝑎
𝐿𝑈𝐶 = 0) in the objective function (C-11) if biomass 
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𝑖 is cultivated on crop land that is dedicated to the cultivation of biomass for biofuel 
production, while area and biomass specific emissions result (𝐸𝑖𝑎
𝐿𝑈𝐶 > 0), if biomass 𝑖 is 
cultivated on area type 𝑎 that is dedicated to another agricultural product. In total, area of a 
certain type 𝑎 must not exceed the total available for this type 𝑎 in period 𝑡 (𝐿𝑎𝑡).   
∑𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙
1
𝜎𝑖𝑎
𝑖∈𝐼
≤ 𝐿𝑎𝑡 
∀𝑎 ∈ 𝐴; 𝑡 ∈ 𝑇 (C-5) 
The sum of imported biomass (𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
) and biomass used for production of biofuel in 
supplying country 𝑠 (𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
) must not exceed the total area 𝑎 available in period 𝑡 within 
country 𝑠 (𝑁𝑎𝑠𝑡). Yield coefficients for biomass production, land use change estimation as 
well as conversion coefficients for biofuel conversion are used as presented in equation (C-
2) and (C-5).  
∑[𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 + ∑ ∑ 𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡
𝑚∈𝑀𝑝∈𝑃𝑖𝑚
∙
1
𝛾𝑖𝑝𝑚
]
𝑖∈𝐼
∙
1
𝜎𝑖𝑎
≤ 𝑁𝑎𝑠𝑡 
∀𝑎 ∈ 𝐴; 𝑠 ∈ 𝑆; 𝑡 ∈ 𝑇 (C-6) 
In the home market, needed conversion capacities are calculated based on total volume of 
input material 𝑖 to be converted into product 𝑚 using technology 𝑝 (𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑) multiplied by 
a capacity coefficient (𝜀𝑖𝑝𝑚). Available capacity is restricted by an upper capacity limit 
depending on the process and capacity class specific capacity limit (𝑈𝑝𝑐) times the number 
of used production facilities of process 𝑝 in capacity class 𝑐 in period t (𝑧𝑝𝑐𝑡
𝑈𝑠𝑒). 
∑ ∑𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑
𝑖∈𝐼
∙ 𝜀𝑖𝑝𝑚
𝑚∈𝑀
≤ ∑𝑈𝑝𝑐 ∙ 𝑧𝑝𝑐𝑡
𝑈𝑠𝑒
𝑐∈𝐶
 ∀𝑝 ∈ 𝑃; 𝑡 ∈ 𝑇 (C-7) 
There can be lower (𝐷𝑘𝑡 ∙ 𝛽𝑚𝑘𝑡) or upper bounds (𝐷𝑘𝑡 ∙ 𝛼𝑚𝑘𝑡) for blending of fuel 𝑚 within 
final fuel blend 𝑘 (𝑥𝑚𝑘𝑡 ∙ 𝜔𝑚𝑘) in period 𝑡, e.g. because of technical reasons. 
𝐷𝑘𝑡 ∙ 𝛽𝑚𝑘𝑡 ≤ 𝑥𝑚𝑘𝑡 ∙ 𝜔𝑚𝑘 ≤ 𝐷𝑘𝑡 ∙ 𝛼𝑚𝑘𝑡 ∀𝑚 ∈ 𝑀; 𝑘 ∈ 𝐾; 𝑡 ∈ 𝑇 (C-8) 
The number of production facilities that are in use in period 𝑡 (𝑧𝑝𝑐𝑡
𝑈𝑠𝑒) is equal or less then 
the number of installed production facilities (𝑧𝑝𝑐𝑡). 
𝑧𝑝𝑐𝑡
𝑈𝑠𝑒 ≤ 𝑧𝑝𝑐𝑡 ∀𝑝 ∈ 𝑃; 𝑐 ∈ 𝐶; 𝑡 ∈ 𝑇 (C-9) 
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The total number of production facilities (𝑧𝑝𝑐𝑡) must not exceed the number of facilities 
already available plus the ones installed in period 𝑡 (𝑦𝑝𝑐𝑡). Were 𝑍𝑝𝑐
0  represents the 
production facilities which are already opened in 𝑡 = 1. 
𝑧𝑝𝑐𝑡 = {
𝑦𝑝𝑐𝑡 + 𝑍𝑝𝑐
0 𝑓𝑜𝑟 𝑡 = 1
𝑧𝑝𝑐𝑡−1 + 𝑦𝑝𝑐𝑡 𝑒𝑙𝑠𝑒
 
∀𝑝 ∈ 𝑃; 𝑐 ∈ 𝐶; 𝑡 ∈ 𝑇 (C-10) 
𝑦𝑝𝑐𝑡, 𝑧𝑝𝑐𝑡 and 𝑧𝑝𝑐𝑡
𝑈𝑠𝑒 are integer variables, only non-negative flows are permitted, and 
𝑧𝑝𝑐0 = 0. 
Objective functions 
Minimization of CO2-eq emissions and maximization of the discounted net present value 
are to be regarded as the objectives of the model. 
First objective function: Minimizing CO2-eq emissions 
The first objective function is to minimize CO2-eq emissions. Thereby, emissions of 
extraction, generation, transportation and combustion of fossil fuels (𝐸𝑚
𝐹𝑜𝑠𝑠𝑖𝑙), biomass 
cultivation (𝐸𝑖𝑎
𝐶𝑢𝑙𝑡), land use change (𝐸𝑖𝑎
𝐿𝑈𝐶), conversion of biofuels (𝐸𝑖𝑝𝑚
𝑃𝑟𝑜𝑑), transportation 
of biomass (𝐸𝑖
𝑇𝐵𝑀), of biofuel (𝐸𝑇𝐵𝐹) and of intermediate products (𝐸𝑇𝐼𝑁) as well as 
combustion of biofuels (𝐸𝑚
𝑈𝑠𝑒) furthermore imported biomass (𝐸𝑖𝑎𝑠
𝐼𝐵𝑀) and biofuels (𝐸𝑖𝑎𝑝𝑚𝑠
𝐼𝐵𝐹 ) 
are accounted for. 
min∑
[
 
 
 
 
 
 
 
 
 
 
 
 ∑ 𝑥𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ 𝐸𝑚
𝐹𝑜𝑠𝑠𝑖𝑙
𝑚∈𝑀
+ ∑ ∑ 𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ (𝐸𝑖𝑎
𝐶𝑢𝑙𝑡 + 𝐸𝑖𝑎
𝐿𝑈𝐶)
𝑎∈𝐴𝑖∈𝐼
+∑ ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑖𝑝𝑚
𝑃𝑟𝑜𝑑
𝑚∈𝑀
+ ∑ ∑ 𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑖
𝑇𝐵𝑀
𝑎∈𝐴𝑖∈𝐼𝑝∈𝑃𝑖∈𝐼
+∑ ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑇𝐵𝐹 + ∑ ∑ 𝑥𝑖𝑝𝑖′𝑡
𝐼𝑛𝑡𝑒𝑟 ∙ 𝐸𝑇𝐼𝑁
𝑝∈𝑃𝑖𝑖′∈𝐼𝑚∈𝑀𝑝∈𝑃𝑖∈𝐼
∑ ∑ 𝑥𝑚𝑘𝑡 ∙ 𝐸𝑚
𝑈𝑠𝑒
𝑘∈𝐾𝑚∈𝑀
+ ∑ ∑ ∑𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑖𝑎𝑠
𝐼𝐵𝑀
𝑠∈𝑆𝑎∈𝐴𝑖∈𝐼
+∑ ∑ ∑ ∑ ∑𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑖𝑎𝑝𝑚𝑠
𝐼𝐵𝐹
𝑠∈𝑆𝑝∈𝑃𝑚∈𝑀𝑎∈𝐴𝑖∈𝐼 ]
 
 
 
 
 
 
 
 
 
 
 
 
𝑡∈𝑇
 
(C-11) 
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Second objective function: Maximizing the discounted net present value 
The second objective function is to maximize the discounted net present value (with 
interest rate 𝑗). Thereby, the return is calculated as total revenue from the sold fuel blend 
(𝑅𝑘𝑡) and the by-products (𝑅𝑚𝑡
𝐵𝑦
). Total investments (𝐶𝑝𝑐
𝐼𝑛𝑣𝑒𝑠𝑡) result from installation of 
new production facilities. Production costs are calculated as fixed annual production costs 
(𝐶𝑝𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥) for used facilities and variable costs for cultivation of biomass (𝐶𝑖𝑡
𝐶𝑢𝑙𝑡), 
conversion of biomass (𝐶𝑖𝑝𝑚
𝑃𝑟𝑜𝑑𝑉𝑎𝑟), as well as transportation costs for biomass (𝐶𝑖
𝑇𝐵𝑀), 
biofuel (𝐶𝑇𝐵𝐹), and intermediate products (𝐶𝑇𝐼𝑁). Also, purchase costs for fossil fuels 
(𝐶𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙), imported biomass (𝐶𝑖𝑠𝑡
𝐼𝐵𝑀) and imported biofuel (𝐶𝑚𝑠𝑡
𝐼𝐵𝐹) are accounted for as well 
as the booking value (𝐵𝑉) of already installed production facilities. The booking value 
represents the amortized cost of the already in 𝑡 = 1 opened production facilities. 
max∑
[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[∑ 𝐷𝑘𝑡 ∙ 𝑅𝑘𝑡
𝑘∈𝐾
+ ∑ ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝑅𝑚𝑡
𝐵𝑦
𝑚∈𝑀𝑝∈𝑃𝑖∈𝐼
− ∑ ∑𝑦𝑝𝑐𝑡 ∙ 𝐶𝑝𝑐
𝐼𝑛𝑣𝑒𝑠𝑡
𝑐∈𝐶𝑝∈𝑃
−[ ∑ 𝑥𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ 𝐶𝑚𝑡
𝐹𝑜𝑠𝑠𝑖𝑙
𝑚∈𝑀
+ ∑ ∑ 𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑖𝑡
𝐶𝑢𝑙𝑡
𝑎∈𝐴
+ ∑ ∑𝑧𝑝𝑐𝑡
𝑈𝑠𝑒 ∙ 𝐶𝑝𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥
𝑐∈𝐶𝑝∈𝑃𝑖∈𝐼
+∑ ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑖𝑝𝑚
𝑃𝑟𝑜𝑑𝑉𝑎𝑟
𝑚∈𝑀𝑝∈𝑃𝑖∈𝐼
+ ∑ ∑ 𝑏𝑖𝑎𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑖
𝑇𝐵𝑀
𝑎∈𝐴𝑖∈𝐼
+∑ ∑ ∑ 𝑥𝑖𝑝𝑚𝑡
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑇𝐵𝐹 + ∑ ∑ 𝑥𝑖𝑝𝑖′𝑡
𝐼𝑛𝑡𝑒𝑟 ∙ 𝐶𝑇𝐼𝑁 + ∑ ∑ ∑𝑏𝑖𝑎𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐶𝑖𝑠𝑡
𝐼𝐵𝑀
𝑠∈𝑆𝑎∈𝐴𝑖∈𝐼𝑝∈𝑃𝑖𝑖′∈𝐼𝑚∈𝑀𝑝∈𝑃𝑖∈𝐼
+∑ ∑ ∑ ∑ ∑𝑥𝑖𝑎𝑝𝑚𝑠𝑡
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐶𝑚𝑠𝑡
𝐼𝐵𝐹
𝑠∈𝑆𝑚∈𝑀𝑝∈𝑃𝑎∈𝐴𝑖∈𝐼
]] ∙ (1 + 𝑗)−𝑡
]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
𝑡∈𝑇
− 𝐵𝑉 
(C-12) 
C.5.2 Solution procedure 
A solution is Pareto-efficient (Ehrgott, 2006) if it is not possible to improve the solution in 
perspective of one objective by not decreasing the value of another objective. The 
approach of Pareto-efficient is regularly applied to eco-efficiency planning problems 
(Huppes & Ishikawa, 2005; Quariguasi Frota Neto et al., 2009). A-priori, interactive as 
well as a-posteriori methods can be used for solving bi- (or multi-) objective optimization 
models and calculate the Pareto-efficient frontier (Hwang & Masud, Abu Syed Md, 1979). 
For our model, a-posteriori methods have advantages in that the utility function of the 
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decision maker is not necessarily known in advance, and the decision maker might not be 
available during the decision making process. In order to search for non-dominated 
solutions, the weighting method as well as the 𝜖-constraint approach can be applied (for an 
overview, see Ehrgott, 2006). There are several drawbacks of the weighting method, like 
e.g. redundant runs or the impact of the scaling of the objective function on the results 
(Mavrotas, 2009). The 𝜖-constraint approach, first introduced by Haimes, Lasdon, & 
Wismer, (1971), generates efficient solutions by converting all but one objective function 
into constraints of the model. The augmented 𝜖-constraint approach (AUGMECON) 
developed by Mavrotas, (2009) can be used in order to remove weakly efficient solutions 
generated when applying the classical 𝜖-constraint approach. Thereby, weighted slack or 
surplus variables are inserted in the objectives that are converted into constraints. The 
method is extended by Mavrotas & Florios, (2013) in order to identify alternative optima 
by using a kind of lexicographic optimization and by Zhang & Reimann, (2014) integrating 
early exit and bouncing steps to improve the optimization efficiently. 
In the following, the augmented 𝜖-constrained method (AUGMECON) developed by 
Mavrotas, (2009) is implemented in order to solve the mixed integer bi-objective 
optimization model. Thus, all efficient solutions are obtained and the calculation of weakly 
efficient solutions is avoided. The formulation of AUGMECON for a bi-objective 
optimization model with one objective to be maximized 𝑓1(𝒙) and one objective to be 
minimized 𝑓2(𝒙) is as follows: 
max𝑓1(𝒙) + 𝑒𝑝𝑠 ∙ 𝑠2 
𝑠. 𝑡. 
𝑓2(𝒙) + 𝑠2 = 𝜖2 
𝑥 ∈ 𝑆 ∧  𝑠2 ∈ 𝑅
+ 
(C-13) 
Where 𝒙 is the vector of decision variables, 𝑓1(𝒙) and 𝑓2(𝒙) are the two objective 
functions, 𝑆 is the solution space, 𝑒𝑝𝑠 is an adequately small number, and 𝑠2 is the slack 
variable of the second objective function. The efficient solutions are obtained by 
parametrical variation of 𝜖2.  
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C.6 Case study: Germany 
The model is applied to the case study of (bio)diesel production in Germany. First, input 
data is presented followed by the results of the case study and a discussion on implications. 
C.6.1 Data 
In order to fulfill total diesel blend demand, fossil diesel, 1st generation biodiesel 
(biodiesel), 2nd generation biodiesel (Biomass-to-Liquid – BtL) as well as hydrotreated 
vegetable oil (HVO) can be blended with varying quotas. There is one technology for 
production of biodiesel, and another technology for HVO, whereas two alternative 
technologies (Carbo-V and bioliq) are available for production of BtL (Blades et al., 2005, 
Trippe et al., 2013). Depending on the technology and the final diesel product, different 
kinds of biomass can be used. For biodiesel, it is assumed that rapeseed is being cultivated 
in Germany, soya beans in Argentina and palm oil in Malaysia. Rapeseed can also be used 
for HVO production. BtL can be produced from straw or residual wood, both cultivated in 
Germany (statistical data, BEMEL, 2011, BIOGRACE). Costs (BMU, 2011, Schatka, 
2011, RENEW, 2006, APEC, 2010, IFEU, 2004) and emissions (2009/28/EC, 
BIOGRACE, RENEW, 2006) are determined depending on fuel type, conversion 
technology, and biomass. Emission coefficients for land use change are adapted from EU 
regulations 2010/335/EU and 2012/0288 (COD). Information on total diesel demand 
(MWV, 2011) and prices (statistical data) are also derived. The planning horizon is 20 
years starting in 2013. 
The optimization model contains 3,587 constraints and 68,867 variables of which 315 are 
integer. The CPLEX 12.4 solver was used for solving the model. An optimization time of 
approximately 2,300 seconds is needed for the calculation of the efficient frontier using the 
augmented 𝜖-constrained method presented in chapter 4.2. 
C.6.2 Results 
We first present the efficient frontier and discuss results and implications. Then, we 
compare result of the different EU regulations, and analyze unintended side effects. 
The Pareto-efficient frontier of the German (bio)diesel market with regard to discounted 
net present value and life cycle emissions is shown in Figure C - 2. As can be seen, a trade-
off exists between emissions and net present value, i.e. either a maximization of economic 
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results or a minimization of environmental impact can be achieved at the ideal points. If 
the net present value is maximized disregarding emissions, 100% of fossil diesel is used 
for the final diesel blend, and the cheapest 1st generation biodiesel is used to fulfill 
remaining biodiesel demand. If the aim is to reduce emissions disregarding economic 
impact, as much fossil fuel as possible is substituted by BtL. Total substitution cannot be 
achieved due to limited capacities of agricultural land. In this case, land use change occurs 
to a large extent due to BtL-production.  
 
Figure C - 2 Pareto-efficient frontier of the German (bio)diesel market 
In Figure C - 3, detailed information is given on results and decision variables for three 
Pareto-efficient solutions lying in close vicinity. As can be seen, different decisions 
(import, technology choice,…) lead to nearly the same overall results regarding emissions 
and net present value. This shows that political requirements concerning emissions or 
quotas can be fulfilled by different production and blending strategies. Thus, there is 
flexibility for investors and producers in terms of the implementation of technical 
alternatives for fulfillment of political requirements.  
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Figure C - 3 Pareto-efficient frontier of the German (bio)diesel market and opened facilities for three solutions of the 
Pareto-efficient frontier 
Figure C - 4 presents the results of an evaluation of the EU regulations on biofuels 
implemented between 1997 and 2012. Legal requirements were implemented as constraints 
of the optimization model (for an overview on parameters of the different regulations see 
Table C - 2), and the optimization model was solved using lexicographic order. The 
constraints were fixed over the complete planning horizon in order to determine long-term 
effects of the regulations (despite regulations changed repeatedly). As result, it can be 
stated that there is always a gap to the Pareto-efficient frontier. The highest emission 
reductions over the planning horizon could have been achieved implementing the directive 
with the highest biofuel share of all EU directives (COM(2000) 769). For all other 
regulations, long-term results with regard to net present value and emissions show only 
marginal differences. Thus, the constant changes in these regulations over the last years 
mainly caused confusion and uncertainty of investors, but had very limited impact on 
Pareto-efficiency of the overall system. 
Appendix 
 
C-19 
 
 
Figure C - 4 Pareto-efficient frontier of the German (bio)diesel market as well as the regulations of the EU between 
1997 and 2012 
The regulations 2009/28/EC, COM(2012) 595, and 2012/0288 (COD) not only claim 
biofuel market shares and emission saving goals, but also prefer 2nd generation biofuels in 
that BtL accounts two to four times as much as 1st generation biodiesel for calculation of 
legally required biofuel market shares. If the BtL eligibility is omitted (regulations without 
the eligibility of BtL are marked with “-w/o” in Figure C - 5), overall emissions of the 
(bio)fuel market would decrease as presented in Figure C - 5. However, the higher 
weighting of BtL allows for better economic results of the overall system, as lower 
investments are necessary in BtL plants and production costs are lower as well. 
Appendix 
 
C-20 
 
 
Figure C - 5 Part of the Pareto-efficient frontier of the German (bio)diesel market as well as EU regulations with 
multiple accountability of BtL and without this perforation of BtL [-w/o] 
One unintended side effect of biofuel production – for 1st as well as for 2nd generation 
biofuels – is the resulting land use change. In order to analyze the influence of land use 
change, we prohibited land use change by adding a corresponding constraint to the 
optimization model, and re-calculated the Pareto-efficient frontier. In Figure C - 6, the 
Pareto-efficient frontier of solutions allowing land use change [with_LUC] is compared to 
the Pareto-efficient frontier prohibiting land use change [w/o_LUC]. As can be seen, total 
emissions are much higher if land use change is prohibited as compared to emissions if 
land use change is allowed. This also holds comparing EU regulations with/without adding 
land use change constraints to the model. The reason for these results is that life cycle 
emissions of biofuels are lower than emissions of fossil fuels even though emissions of 
land use change are regarded in the objective function. Thus, there is an incentive to 
rededicate areas to the production of biomass for biofuels. If social effects like land use 
change were regarded independently (which is currently not the case), a trade-off with the 
ecological and economic objective would occur. Thus, these interactions should be taken in 
consideration when developing Pareto-efficient political regulations and social impacts of 
land use change might have to be explicitly regarded within the derivation. 
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Figure C - 6 Pareto-efficient frontier of the German (bio)diesel market with [with_LUC] and without [w/o_LUC] land 
use change as well as EU regulations without land use change 
Another unintended side effect is that a de-installation of biofuel production facilities 
occurs during the planning horizon, as can be seen in Figure C - 7 for the example of the 
EU regulation 2009/28/EC. First, pyrolysis production facilities of the bioliq technology 
are installed up to a maximum of seven facilities in 2020. However, two of these facilities 
have to be closed until 2033. The reason lies within the required relative market share 
quotas of the EU regulation. Because of this relative quota, total biofuel demand depends 
on required market share and on total diesel demand. Until 2020, required market share of 
biofuels increases, while total fuel demand remains stable. After 2020, total diesel demand 
is expected to decrease due to more efficient conventional drive train technologies and 
increasing market shares of electric vehicles. Thus, a decrease in total fuel demand leads to 
a decreased biodiesel demand despite constant legal biofuel market share quotas. Such a 
situation is very unattractive for investments into biofuel production facilities. To generate 
an attractive planning situation for potential investors of biofuel production facilities and to 
face the increasing demand, absolute volumes of blended biofuel could be required. 
Additionally, it becomes obvious that the interaction with other political regulations (e.g. 
EU regulations on fuel efficiency of cars (e.g. (EC) No 443/2009)) have to be considered if 
Pareto-efficient regulations are aimed at. 
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Figure C - 7 Opened/used production facilities for the optimal solution of the EU regulation 2009/28/EC [bioliq: bioliq 
(BtL); bioliq_p: pyrolysis (BtL)] 
Summing up, the case study reveals non-efficient regulation and unintended side effects. 
The permanent changes of the regulation had only small impact on the efficiency of the 
regulation, while rousing high confusion and uncertainty among investors. Also, the 
requirement of relative biofuel quotas instead of absolute biofuel volumes might lead to 
installation of over-capacities. 
C.6.3 Implications and recommendations 
Recommendations for political decisions makers are derived based on the results of section 
C.6.2. 
First, the goal of the political decision maker is to design political regulations for emission 
savings within the transportation sector, and to provide economical reasonable and long-
term stable planning situations for investors. In order to fulfil these goals, the regulations 
should be located close to the Pareto-efficient frontier with regard to both objectives, 
which is best done with trade-off information as provided by the developed bi-criteria 
model (Figure C - 2).  
Second, many solutions (technologies, import decisions, …) lead to similar ecological and 
economic objective values (see Figure C - 3). Thus, high flexibility can be provided 
without prescribing specific technologies or biofuels. This allows investors to take their 
own decisions on how to achieve the required legal objectives.  
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Third, political regulations of the EU since 1997 often showed a gap to the Pareto-efficient 
frontier, e.g. they could be improved with regard to ecological and/or economic objectives 
(see Figure C - 5). Thus, regulations should be designed more carefully, and long-term as 
well as combinatorial characteristics of the planning problem should be considered. As 
results show, severe changes of legal measures for investors (see Figure C - 4) often 
resulted in only marginal changes of the achievable overall objectives (see Figure C - 3). 
Consequently, such changes should be avoided, since they lead to a reduction of planning 
reliability and a high degree of uncertainty for investors instead of improved Pareto-
efficiency of regulation. The double weighting of BtL reduces the emission savings that 
can be achieved in the transportation sector and can also lead to over-capacities of biofuel 
production plants. Thus, these kinds of “repair” regulations should be avoided. 
Fourth, the regulation of the EU results in unintended side effects (see Figure C - 6), like 
land use change. Overcapacities might result in the future (Figure C - 7). Thus, 
interdependencies to other sectors (food/fodder sector, fuel efficiency of cars) must be 
observed.  
C.7 Conclusion and outlook 
In this paper a bi-objective, multi-period technology, capacity choice and blending 
optimization model for the (bio)fuel sector is developed and applied to the case study of 
the German (bio)diesel market to deduce recommendations for political decision makers. 
The results allow to evaluate the Pareto-efficiency of current and past legal requirements of 
the EU. It became clear that political regulations have to be carefully analyzed ex-ante 
regarding unintended side effects in order to provide long-term stable regulations and 
planning reliability for investors. Results show, that with the current and proposed EU 
regulations unintended side-effects like LUC and overcapacities appear. Correspondingly, 
Pareto-efficiency must be considered, and information on trade-offs to all objectives 
should be derived. This holds especially, since the proposed EU regulations do not lead to 
Pareto-efficient solutions. The interaction of the developed regulation with other 
regulations and other sectors must be carefully regarded in order to avoid unintended side 
effects.  
For further research, the model can be extended in order to account for other important 
aspects. As a trade-off between land use change and emissions as well as net present value 
became apparent in the case study, the model should be extended in order to consider this 
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trade-off information. The interaction of the optimization model with a Geographical 
Information System (GIS) seems promising in order to regard biomass growth and land use 
change effects in more detail. In order to take into account uncertainties respectively 
ambiguities, the model can be extended as robust optimization model. Another promising 
approach might be the separate consideration of the different actors of the fuel sector in 
order to provide information for political decision makers on incentives or penalties. 
C.8 References 
(EC) No 443/2009. REGULATION (EC) No 443/2009 OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL setting emission performance standards for 
new passenger cars as part of the Community’s integrated approach to reduce CO2 
emissions from light-duty vehicles.  
2009/28/EC. DIRECTIVE 2009/28/EC OF THE EUROPEAN PARLAMENT AND OF 
THE COUNCEL on the promotion of the use of energy from renewable sources and 
amending and subsequently replacing Directives 2001/77/EC and 2003/30/EC.  
2009/30/EC. DIRECTIVE 2009/30/EC OF THE EUROPEAN PARLAMENT AND OF 
THE COUNCEL amending Directive 98/70/EC as regards the specification of petrol, 
diesel and gas-oil and introducing a mechanism to monitor and reduce greenhouse gas 
emissions and amending Council Directive 1999/32/EC as regards the specification of 
fuel used by inland waterway vessels and repealing Directive 93/12/EEC.  
2010/335/EU. COMMISSION DECISION on guidelines for the calculation of land carbon 
stocks for the purpose of Annex V to Directive 2009/28/EC.  
2012/0288 (COD). Proposal for a DIRECTIVE OF THE EUROPEAN PARLIAMENT 
AND OF THE COUNCIL amending Directive 98/70/EC relating to the quality of petrol 
and diesel fuels and amending Directive 2009/28/EC on the promotion of the use of 
energy from renewable sources.  
Akgul, O., Shah, N., & Papageorgiou, L. G. (2012a). An optimisation framework for a 
hybrid first/second generation bioethanol supply chain. Computers & Chemical 
Engineering, 42(0), 101–114. doi:10.1016/j.compchemeng.2012.01.012   
Akgul, O., Shah, N., & Papageorgiou, L. G. (2012b). Economic optimisation of a UK 
advanced biofuel supply chain. Biomass and Bioenergy, 41(0), 57–72. 
doi:10.1016/j.biombioe.2012.01.040   
Akgul, O., Zamboni, A., Bezzo, F., Shah, N., & Papageorgiou, L. G. (2011). Optimization-
Based Approaches for Bioethanol Supply Chains. Industrial & Engineering Chemistry 
Research, 50(9), 4927–4938. doi:10.1021/ie101392y   
Andersen, F., Iturmendi, F., Espinosa, S., & Diaz, M. S. (2012). Optimal design and 
planning of biodiesel supply chain with land competition. Computers & Chemical 
Engineering, 47(0), 170–182. doi:10.1016/j.compchemeng.2012.06.044   
APEC. (2010). Asia-Pacific Economic Cooperation: Biofuel Costs, Technologies and 
Economics in APEC Economies Final Report. Retrieved from 
http://www.biofuels.apec.org/pdfs/ewg_2010_biofuel-production-cost.pdf  
Avami, A. (2013). Assessment of optimal biofuel supply chain planning in Iran: Technical, 
Appendix 
 
C-25 
 
economic, and agricultural perspectives. Renewable and Sustainable Energy Reviews, 
26(0), 761–768. doi:10.1016/j.rser.2013.06.028   
Bai, Y., Hwang, T., Kang, S., & Ouyang, Y. (2011). Biofuel refinery location and supply 
chain planning under traffic congestion. Transportation Research Part B: 
Methodological, 45(1), 162–175. doi:10.1016/j.trb.2010.04.006   
BEMEL. (2011). Bundesministerium für Erährung Landwirtschaft: Der volle Durchblick 
in Sachen Energiepflanzen. Retrieved from 
http://www.bmelv.de/SharedDocs/Downloads/ Broschueren/Bioenergie-
vollerDurchblick.pdf?__blob=publicationFile  
Bernardi, A., Giarola, S., & Bezzo, F. (2013). Spatially Explicit Multiobjective 
Optimization for the Strategic Design of First and Second Generation Biorefineries 
Including Carbon and Water Footprints. Industrial & Engineering Chemistry Research, 
52(22), 7170–7180. doi:10.1021/ie302442j   
BIOGRACE. Harmonised Calculations of Bioenergy Greenhouse GAs Emissions in 
Europe - BIOGRACE. Retrieved from http://biograce.net/  
Blades, T., Rudloff, M., & Schulze, O. (2005). Sustainable SunFuel from CHOREN’s 
Carbo-V® Process (ISAF XV). San Diego. Retrieved from 
http://www.eri.ucr.edu/ISAFXVCD/ISAFXVAF/SSFCCVP.pdf  
BMU. (2011). Schriftenreihe des BMU-Förderprogramms „Energetische 
Biomassenutzung": Basisinformationen zur Entwicklung des Biokraftstoffsektors bis 
2011.  
COM(2000) 769. COMMUNICATION FROM THE COMMISSION Green Paper - 
Towards a European strategy for the security of energy supply.  
COM(2012) 595. DIRECTIVE OF THE EUROPEAN PARLIAMENT AND OF THE 
COUNCIL amending Directive 98/70/EC relating to the quality of petrol and diesel 
fuels and amending Directive 2009/28/EC on the promotion of the use of energy from 
renewable sources.  
CRC. (2012). TRANSPORTATION FUEL LIFE CYCLE ANALYSIS: A Review of 
Indirect Land Use Change and Agricultural N 2 O Emissions. Retrieved from 
http://www.crcao.com/reports/ recentstudies2012/E-88-2/CRC%20E-88-
2%20Final%20Report.pdf  
Dinh, L. T., Guo, Y., & Mannan, M. S. (2009). Sustainability evaluation of biodiesel 
production using multicriteria decision-making. Environmental Progress & Sustainable 
Energy, 28(1), 38–46. doi:10.1002/ep.10335   
E4tech. (2010). A causal descriptive approach to modelling the GHG emissions associated 
with the indirect land use impacts of biofuels: Final report. Retrieved from 
http://www.apere.org/doc/1010_e4tech.pdf  
EC. (2012). Report for the European Commission on renewable energy progress and 
biofuels sustainability. Retrieved from 
http://ec.europa.eu/energy/renewables/reports/doc/2013_renewable_energy_progress.pd
f  
Ehrgott, M. (2006). A discussion of scalarization techniques for multiple objective integer 
programming. Annals of Operations Research, 147(1), 343–360. doi:10.1007/s10479-
006-0074-z   
Appendix 
 
C-26 
 
EIA. (2013). U.S. Energy Information Administration: International Energy Outlook 2013. 
Retrieved from http://www.eia.gov/forecasts/ieo/pdf/0484%282013%29.pdf  
Elia, J. A., Baliban, R. C., Floudas, C. A., Gurau, B., Weingarten, M. B., & Klotz, S. D. 
(2013). Hardwood Biomass to Gasoline, Diesel, and Jet Fuel: 2. Supply Chain 
Optimization Framework for a Network of Thermochemical Refineries. Energy & 
Fuels, 27(8), 4325–4352. doi:10.1021/ef400430x   
Giarola, S., Shah, N., & Bezzo, F. (2012). A comprehensive approach to the design of 
ethanol supply chains including carbon trading effects. Bioresource Technology, 
107(0), 175–185. doi:10.1016/j.biortech.2011.11.090   
Giarola, S., Zamboni, A., & Bezzo, F. (2011). Spatially explicit multi-objective 
optimisation for design and planning of hybrid first and second generation biorefineries. 
Computers & Chemical Engineering, 35(9), 1782–1797. 
doi:10.1016/j.compchemeng.2011.01.020   
Gunnarsson, H., Rönnqvist, M., & Lundgren, J. T. (2004). Supply chain modelling of 
forest fuel. European Journal of Operational Research, 158(1), 103–123. 
doi:10.1016/S0377-2217(03)00354-0   
Haimes, Y. Y., Lasdon, L. S., & Wismer, D. A. (1971). On a Bicriterion Formulation of 
the Problems of Integrated System Identification and System Optimization. IEEE 
Transactions on Systems, Man, and Cybernetics, 1(3), 296–297. 
doi:10.1109/TSMC.1971.4308298   
Huppes, G., & Ishikawa, M. (2001). A framework for quantified eco-efficiency analysis. 
Journal of Industrial Ecology, 9(4), 25–41. doi:10.1162/108819805775247882 
Hwang, C. L., & Masud, Abu Syed Md. (1979). Multiple Objective Decision Making -- 
Methods and Applications: A State-of-the-Art Survey. Lecture Notes in Economics and 
Mathematical Systems: Vol. 164. Berlin, Heidelberg: Springer Berlin Heidelberg. 
IEA. (2011). International Energy Agency: Technology Roadmap Biofuels for Transport. 
Retrieved from 
http://www.iea.org/publications/freepublications/publication/biofuels_roadmap.pdf  
IEA. (2012). International Energy Agency: CO2 EMISSIONS FROM FUEL 
COMBUSTION HIGHLIGHTS. Retrieved from 
http://www.iea.org/publications/freepublications/ 
publication/CO2emissionfromfuelcombustionHIGHLIGHTS.pdf  
IFEU. (2004). Instritut für Energie- und Umweltforschung Heidelberg GmbH: CO2-
neutrale Wege zukünftiger Mobilität durch Biokraftstoffe - Eine Bestandsaufnahme - 
Endbericht. Retrieved from http://www.ifeu.de/landwirtschaft/pdf/CO2-
neutrale_Wege_Biokraftstoffe_IFEU.pdf  
Kim, J., Realff, M. J., & Lee, J. H. (2011). Optimal design and global sensitivity analysis 
of biomass supply chain networks for biofuels under uncertainty. Computers & 
Chemical Engineering, 35(9), 1738–1751. doi:10.1016/j.compchemeng.2011.02.008   
Marufuzzaman, M., Ekşioğlu, S. D., Hernandez, R. (2014). Environmentally Friendly 
Supply Chain Planning and Design for Biodiesel Production via Wastewater Sludge. 
Transportation Science, Articles in Advance, 1-20. doi: 10.1287/trsc.2013.0505 
Mavrotas, G. (2009). Effective implementation of the ε-constraint method in Multi-
Objective Mathematical Programming problems. Applied Mathematics and 
Appendix 
 
C-27 
 
Computation, 213(2), 455–465. doi:10.1016/j.amc.2009.03.037   
Mavrotas, G., & Florios, K. (2013). An improved version of the augmented ε-constraint 
method (AUGMECON2) for finding the exact pareto set in multi-objective integer 
programming problems. Applied Mathematics and Computation, 219(18), 9652–9669. 
doi:10.1016/j.amc.2013.03.002   
MWV. (2011). Mineralölwirtschaftsverband e. V.: MWV-Prognose 2025 für die 
Bundesrepublik Deutschland. Retrieved from 
http://www.mwv.de/upload/statistiken/info/ 
110622_Prognose_2025_vGz4jVRjg9gJGKN.pdf  
OECD. (2008). Organization for Economic Co-operation and Development: Biofuel 
Support Policies: An Economic Assessment. Retrieved from 
http://www.keepeek.com/Digital-Asset-Management/oecd/energy/biofuel-support-
policies-an-economic-assessment_9789264050112-en  
OECD. (2011). Price Volatility in Food and Agricultural Markets: Policy Responses. 
Retrieved from http://www.oecd.org/tad/agricultural-trade/48152638.pdf  
OECD. (2012). Organisation for Economic Co-operation and Development - FAO 
Agricultural Outlook 2012. Retrieved from http://www.keepeek.com/Digital-Asset-
Management/oecd/agriculture-and-food/oecd-fao-agricultural-outlook-
2012_agr_outlook-2012-en#page1  
Osmani, A., & Zhang, J. (2013). Stochastic optimization of a multi-feedstock 
lignocellulosic-based bioethanol supply chain under multiple uncertainties. Energy, 
59(0), 157–172. doi:10.1016/j.energy.2013.07.043   
Panichelli, L., & Gnansounou, E. (2008). Estimating greenhouse gas emissions from 
indirect land-use change in biofuels production: concepts and exploratory analysis for 
soybean-based biodiesel production. Journal of Scientific and Industrial Research, 67, 
1017–1030. 
Quariguasi Frota Neto, J., Walther, G., Bloemhof, J., van Nunen, J.A.E.E., Spengler, T. 
(2009). A methodology for assessing eco-efficiency in logistics networks. European 
Journal of Operational Research, 193,3,670–682. doi: 10.1016/j.ejor.2007.06.056 
REFUE. (2008). REFUEL, Work Package 7: Policy strategy, deliverable D17: Policy 
measures for effective and efficient support of biofuels in EU 27. Retrieved from 
http://eaci-
projects.eu/iee/page/Page.jsp?op=project_detail&prid=1693&side=downloadablefiles  
RENEW. (2006). Sustainable energy systems for transport - renew. Retrieved from 
http://www.renew-fuel.com/fs_documents.php  
Santibañez-Aguilar, J. E., González-Campos, J. B., Ponce-Ortega, J. M., Serna-González, 
M., & El-Halwagi, M. M. (2011). Optimal Planning of a Biomass Conversion System 
Considering Economic and Environmental Aspects. Industrial & Engineering Chemistry 
Research, 50(14), 8558–8570. doi:10.1021/ie102195g   
Schatka, A. (2011). Strategische Netzwerkgestaltung in der Prozessindustrie: Eine 
Untersuchung am Beispiel der Produktion von synthetischen Biokraftstoffen (1. Aufl). 
Gabler Research. Wiesbaden: Gabler. Retrieved from 
http://books.google.de/books?id=\_TodAf9Uj6gC  
Sorda, G., Banse, M., & Kemfert, C. (2010). An overview of biofuel policies across the 
Appendix 
 
C-28 
 
world. Energy Policy, 38(11), 6977–6988. doi:10.1016/j.enpol.2010.06.066   
SWD(2012) 343. COMMISSION STAFF WORKING DOCUMENT IMPACT 
ASSESSMENT Accompanying the document Proposal for a Directive of the European 
Parliament and of the Council amending Directive 98/70/EC relating to the quality of 
petrol and diesel fuels and amending Directive 2009/28/EC on the promotion of the use 
of energy from renewable sources.  
Trippe, F., Fröhling, M., Schultmann, F., Stahl, R., Henrich, E., & Dalai, A. (2013). 
Comprehensive techno-economic assessment of dimethyl ether (DME) synthesis and 
Fischer–Tropsch synthesis as alternative process steps within biomass-to-liquid 
production. Fuel Processing Technology, 106(0), 577–586. 
doi:10.1016/j.fuproc.2012.09.029   
Walther, G., Schatka, A., & Spengler, T. S. (2012). Design of regional production 
networks for second generation synthetic bio-fuel – A case study in Northern Germany. 
European Journal of Operational Research, 218(1), 280–292. 
doi:10.1016/j.ejor.2011.09.050   
WWF. (2006). Sustainability Standards for Bioenergy. Retrieved from 
http://www.biofuelstp.eu/downloads/WWF_Sustainable_Bioenergy_final_version.pdf  
You, F., & Wang, B. (2011). Life Cycle Optimization of Biomass-to-Liquid Supply Chains 
with Distributed–Centralized Processing Networks. Industrial & Engineering Chemistry 
Research, 50(17), 10102–10127. doi:10.1021/ie200850t   
Zamboni, A., Shah, N., & Bezzo, F. (2009). Spatially Explicit Static Model for the 
Strategic Design of Future Bioethanol Production Systems. 1. Cost Minimization. 
Energy & Fuels, 23(10), 5121–5133. doi:10.1021/ef900456w   
Zhang, J., Osmani, A., Awudu, I., & Gonela, V. (2013). An integrated optimization model 
for switchgrass-based bioethanol supply chain. Applied Energy, 102(0), 1205–1217. 
doi:10.1016/j.apenergy.2012.06.054   
Zhang, W., & Reimann, M. (2014). A simple augmented ∊-constraint method for multi-
objective mathematical integer programming problems. European Journal of 
Operational Research, 234(1), 15–24. doi:10.1016/j.ejor.2013.09.001   
  
Appendix 
 
D-1 
 
D Robust and sustainable supply chains under market uncertainties and different 
risk attitudes - a case study of the German biodiesel market 
D.1 Abstract 
The transportation sector emits 22% of the global CO2 emissions, 75% of them resulting 
from road transportation The European Union aims to reduce these emissions, which can 
be achieved by blending biofuels into fossil fuels. To obtain robust and sustainable biofuel 
supply chains, political regulations need to simultaneously combine ecologic and social 
aspects with economic considerations, known as the triple-bottom-line dimensions of 
sustainability. Next to these conflicting sustainability objectives, uncertain planning 
parameters as well as the decision makers’ different risk attitudes must be taken into 
account to obtain robust and sustainable biofuel supply chains. In this paper, we develop a 
robust, multi-objective approach to solve this uncertain and multi-objective supply chain 
problem. For this purpose, the decision maker’s risk attitude is integrated in the design of 
the scenario sets modeling the uncertainties. This model is applied to the German biodiesel 
market. We show that a trade-off between the three sustainability targets is feasible, 
analyze in detail the relation of the used scenario sets and the decision maker’s risk 
attitude, and show how the selected risk attitude influences the sustainability performance 
of the biofuel supply chain.  
Keyword: Sustainable, multiple objective programming, robust optimization, robust multi-
objective optimization, biomass-to-biodiesel, complex real-world application 
D.2 Introduction 
The transportation sector accounts for 26% of global delivered energy consumption (EIA, 
2013) and 22% of global CO2 emissions, 75% of them resulting from road transportation 
(IEA, 2012). In the future, fossil fuel usage must be reduced in order to ensure supply 
security as well as projected emission savings within the transportation sector. One option 
to meet these targets is the substitution of non-renewable fossil fuels by biofuels (Dinh, 
Guo, & Mannan, 2009). Due to the high investment cost for biofuels, the profit-oriented 
investor must be stipulated by political regulations if a market diffusion of biofuels is 
aimed at. Specific political regulations already exist, regulating a switch from fossil to 
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biofuels to reduce greenhouse gas (GHG) emission of the transportation sector and to 
ensure supply security (e.g., European regulation 2009/28/EC). 
In the past, European biofuels regulations haven't been sustainable in the long term because 
they only lead to low GHG emission savings and unintended social side effects such as 
land use change and the fuel vs. food debate (WWF, 2006). In order to develop sustainable 
biofuels regulations, the political decision maker consequently needs to integrate the 
various and conflicting sustainability objectives such as profit maximization (economic), 
GHG emission savings (ecologic), and the avoidance of unintended social side effects 
(Awudu & Zhang, 2012; Hombach, Cambero, Sowlati, & Walther, 2016). Next to these 
multiple objectives, an optimal biofuel supply chain planning problems also faces strategic 
planning problems such as a long-term planning horizon and uncertain parameters, e.g., 
prices, available biomass, or demand (Awudu & Zhang, 2012). For the integration of 
uncertainties within these strategic decisions, the decision maker’s risk attitude must be 
considered and biofuel supply chains that represent his/her specific risk perception must be 
developed (Rockafellar & Royset, 2015). 
Multiple objectives, uncertain parameters, and varying risk attitudes are part of most 
sustainable and complex real-world decision problems. A sustainable decision often 
represents a trade-off between the different sustainability objectives instead of presenting a 
single solution to the decision maker. This trade-off, the so-called Pareto front, allows the 
decision maker to choose the best solution according to his/her specific selection criteria 
(Ehrgott, 2006). Classical approaches to including uncertain parameters into the 
optimization process are online optimization (Schöbel & Kratz, 2009), stochastic 
optimization (Birge & Louveaux, 2011), or robust optimization (Soyster, 1973). For this 
real-world planning problem, a robust approach seems most reasonable since no 
probability function over the uncertain parameter values is present (Ben-Tal, El Ghaoui, & 
Nemirovskiĭ, 2009). Finally, the decision maker’s risk attitude has a huge influence on the 
evaluation and interpretation of a decision and can in general be classified as anything 
between risk-neutral and risk-averse (Rockafellar & Royset, 2015).  
The integration of these three aspects (multiple objectives, uncertainty, and risk attitudes) 
into a single decision support framework has not been studied in detail yet. First 
approaches to combine multi-objective problems with robust optimization exist, but they 
ignore the influence of different risk attitudes on the sustainability performance of a 
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solution. A robust approach itself is often seen as representing a risk-averse attitude, since 
every solution is feasible for each scenario by inducing the maximum cost or the highest 
restriction on the constraints. Such a scenario is also called a worst-case scenario. 
However, the worst-case scenario always depends on the chosen scenario set. The so-
called uncertainty- or scenario sets include all realizations of the uncertain parameters. If 
the scenario set contains only one scenario representing the expected parameter value, 
which is also known as the nominal scenario, the decisions are rather evaluated as by a 
risk-neutral decision maker. Increasing the scenario set’s size and structure leads to more 
conservative decisions and can thus be seen as a transition from a risk-neutral to a risk-
averse decision maker. 
Until now, first approaches to solve uncertain and multi-objective optimization problems 
apply robust multi-objective solution methods (Ide, 2014). However, these studies do not 
integrate or discuss the influence of different risk attitudes on the solution. The same is true 
for the classical robustness methods applied to single-objective optimization problems. 
There are many different classical robust counterparts to solve uncertain single-objective 
optimization models, (Goerigk & Schöbel, submitted) but these approaches do not 
explicitly integrate the possibility to consider different risk attitudes. As stated before, the 
integration of the decision maker’s specific risk attitude into the solution procedure is 
important to ensure that the solution represents his/her specific needs (between risk-neutral 
and risk-averse) (Rockafellar & Royset, 2015). In present paper we thus integrate for the 
first time all three aspects that influence the optimality and robustness of a strategic 
planning problem: (I) multiple objectives, (II) uncertainty, and (III) different risk attitudes. 
By doing so, we ensure that the solution reflects all requirements of a real-world planning 
problem and the decision maker simultaneously. 
In this paper, we present a detailed study of the relation between the construction of a 
scenario set, the corresponding Pareto front, and the reflected risk attitude of the decision 
maker based on the biofuel supply chain problem. To model the uncertainties, we use 
interval scenarios a classical scenario set considered in literature. Interval scenarios assume 
that, given a nominal value for a certain parameter, all scenarios take values that lie within 
a given interval around this nominal value. The bigger the interval is, the bigger the size of 
the scenario set and the more risk-averse the evaluations of the decisions become which is 
what we will show in our study.  
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As a basis for this study, we present a model for the design of robust and sustainable 
supply chains that simultaneously takes into account conflicting sustainability targets, 
uncertain development of planning parameters, and the decision maker’s specific risk 
attitude. The results of the corresponding models are visualized by the Pareto front and 
allow the decision maker to analyze the influence of the uncertain planning parameters and 
the selected risk attitude on the sustainability of the solution. Thus, all possible risk-
dependent investment strategies related to the different risk attitudes are compared in order 
to enable the political decision maker to develop biofuels regulations leading to long-term 
stable (robust) and sustainable biofuel supply chains, regardless of the selected risk attitude 
of the investor. In summary, the contributions of the paper are the following:  
 We develop a framework integrating the three aspects multiple objectives, 
uncertainty, and risk-attitudes of the decision maker.  
 We conduct a detailed study on robust and sustainable biofuel supply chains in 
Germany in consideration of the decision maker’s specific risk attitude.  
 In this study, we show the relation between the decision maker’s risk attitude, the 
considered interval scenario set to model uncertainties, and the obtained iso curves.  
 We conclude that the political actions do not suffice to ensure the design of robust 
and sustainable biofuel supply chains in Germany. 
The paper is structured as follows: In Section D.3 we give a literature review of the 
integration of risk attitudes within robust optimization as well as the combination of multi-
objective and robust optimization approaches. We conclude the section with a formal 
definition of a framework to model a robust, multi-objective supply chain in consideration 
of different risk attitudes. Finally, the framework is applied to the case study of the 
German biodiesel market. In Section D.4, we describe in detail the different sustainable 
objective functions, the sources of uncertainties, and the potential risk attitudes. 
Computational results for the case study are shown in Section D.4.1. Finally, (Section D.5) 
offers some final conclusions. 
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D.3 A robust multi-objective framework under consideration of different risk 
attitudes 
We start this section with a discussion of the state-of-the-art in robust optimization and 
multi-objective optimization, with a special focus on the integration of risk attitudes. 
Finally, we introduce a formal framework that combines robust optimization with multi-
objective optimization and includes the decision maker’s risk attitude in the construction of 
the scenario set. 
D.3.1 Robust optimization under consideration of different risk attitudes 
Most optimization problems which are related to real-world problems are influenced by 
uncertain parameters. To integrate these uncertainties into the optimization process, 
scenario sets are employed. Each scenario in a scenario set represents a specific realization 
of the parameters. Depending on the information available for the uncertainties and the 
decision maker’s objective, an online optimization, a stochastic optimization, or a robust 
optimization approach is more appropriate. A robust approach is recommended if no 
information on the distribution of the uncertain parameters is available, if a predefined goal 
needs to be reached (Rosenhead, Elton, & Gupta, 1972), or if no changes to the decision 
are possible as in the case of strategic planning problems such as the building of 
infrastructures (Watson, Hart, & Murray, 2006) or when dealing with the establishment of 
a sustainable biofuel supply chain system. 
Robust optimization was first introduced in 1973 Soyster (1973). A solution is called 
robust if it remains feasible under all scenarios considered in the scenario set. If the 
uncertainties affect only the objective of an optimization problem, a solution is evaluated 
by the maximum costs that are induced by any scenario. Robust optimization is often 
described as leading to conservative solutions and thus only reflecting a risk-averse attitude 
of the decision maker. However, this interpretation depends on the assumption that the set 
of scenarios is predefined and cannot be changed. In most real-world applications, this is 
not the case, but the chosen set already reflects the decision maker’s risk attitude. 
Accordingly, if the scenario set contains only the nominal scenario, the his/her risk attitude 
is risk-neutral; if the chosen scenario set includes a huge variety of scenarios, the his/her 
risk attitude is risk-averse (see Figure D - 1). However, this aspect has rarely been 
considered in the investigation of robust optimization problems. 
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Figure D - 1 In (a) only the deterministic constraints are considered. The black point shows the optimal solution when 
considering the objective given by the dotted line. Adding another scenario𝓢𝟏, the set of feasible solutions decreases 
(b) and the objective value of the optimal solution increases. Considering more scenarios, the set of feasible solutions 
becomes even smaller and the objective of an optimal solution increases again (c). Hence, the risk attitude is more 
risk-averse. 
Robust optimization focuses more on the construction of uncertainty sets such that the 
corresponding robust counterpart remains tractable. Classical scenario sets are discrete 
scenarios (Kouvelis & Yu, 1997), Γ-scenarios or budget uncertainties (introduced by 
Bertsimas and Sim (Bertsimas & Sim, 2003, 2004)), interval scenarios, ellipsoidal 
uncertainties (Ben-Tal & Nemirovski, 1999), and further sets (Bienstock, 2007; Büsing & 
D'Andreagiovanni, 2012; El Ghaoui & Lebret, 1997; El Ghaoui, Oustry, & Lebret, 1998). 
More recently, robust optimizations focus also on the extension of robustness by including 
recourse options after the parameters are known (e.g., adjustable robustness (Ben-Tal, 
Goryashko, Guslitzer, & Nemirovski, 2004), recoverable robustness (Liebchen, Lübbecke, 
Möhring, & Stiller, 2009), recover-to-optimality robustness (Goerigk & Schöbel, 2014), 
reliability robustness (Ben-Tal & Nemirovski, 2000), comprehensive robust (Ben-Tal, 
Boyd, & Nemirovski, 2006), bi-objective robustness (Schöbel & Kratz, 2009), or light 
robustness (Fischetti & Monaci, 2009). A detailed introduction to robustness is given in in 
Ben-Tal et al. (2009).  
The different robust concepts Are generally applied to single-objective optimization 
models. Only recently, work has been done to consider them also within multi-objective 
optimization models. 
D.3.2 Multi-objective optimization in combination with robust optimization 
Multi-objective optimization problems have been studied since Vilfredo Pareto introduced 
the concept of Pareto optimal solutions in the late 19th and early 20th century. A solution is 
Pareto optimal or efficient if it is not possible to improve the solution in perspective of one 
objective without decreasing the value of another objective (Ehrgott, 2006). Ever since, 
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solution techniques have been studied to obtain Pareto optimal solutions, such as genetic 
algorithms/evolutionary algorithms (Deb, 2011) or scalarization methods. In the following, 
we will focus on scalarization methods such as the weighted sum method, and the 𝜖-
constraint method. Both concepts compute a single Pareto optimal solution one after 
another. By changing the parameters, the entire Pareto front, i.e., all Pareto optimal 
solutions, is computed. The drawback of these concepts is that the Pareto front can have 
exponential size and the computation may thus take too long in practice (Steuer & Piercy, 
2005). In 2000 Papadimitriou (2000) introduced a method to approximate the Pareto front 
by a polynomial set of solutions. Another approach which calculates and visualizes iso 
curves was developed by Quariguasi Frota Neto, J., Walther, Bloemhof, van Nunen, & 
Spengler (2009). Quariguasi Frota Neto, J. et al. (2009). Here, not the entire Pareto front 
has to be estimated but only a sufficient set of Pareto optimal solutions representing the 
trade-off between the analyzed conflicting objectives. 
In the last years, several approaches have been proposed concerning the calculation of 
robust Pareto optimal solutions for uncertain multi-objective optimization models 
(Ehrgott, Ide, & Schöbel, 2014; Fliege & Werner, 2014; Goberna, Jeyakumar, Li, & 
Vicente-Pérez, 2015; Ide & Schöbel, 2014, Kouvelis & Yu, 1997, 1997, Kuroiwa & Lee, 
2012); Kouvelis & Sayın, 2006; Gunawan & Azarm, 2005). Ide (2014), for example, 
identified five different approaches: (I) flimsily robust (Ide & Schöbel, 2014), (II) highly 
robust (Ide & Schöbel, 2014), (III) set-based minmax robust (Ehrgott et al., 2014), (IV) 
set-based light robust (Ide & Schöbel, 2014), and (V) point-based minmax robust (Kuroiwa 
& Lee, 2012). For a detailed overview of the five approaches see (Ide, 2014). However, the 
existing concepts to calculate robust Pareto optimal solutions do not account for the 
influence of different risk attitudes but focus on methods to solve robust multi-objective 
problems. The most classical robust multi-objective optimization approach is the point-
based minmax robustness, which we will use in our framework. In the next subsection, we 
describe our framework to obtain a robust and sustainable supply chain with multiple 
objectives and use the scenario set explicitly to model the different risk attitudes. 
 
Appendix 
 
D-8 
 
D.3.3 Robust multi-objective optimization under consideration of different risk 
attitudes 
In this section, we explain the framework we developed to solve uncertain multi-objective 
optimization models in consideration of different risk attitudes. The main idea is to use the 
point-based minmax robust concept developed by Kuroiwa & Lee (2012) in order to 
compute robust Pareto optimal solutions for an uncertain multi-objective optimization 
problem. Furthermore, we include the decision maker’s risk attitude in this approach by 
considering different scenario sets. Since a combination of these three aspects has not been 
studied so far, we choose the most classical concepts: the point-based minmax robust 
concept, which transfers the robust idea to a multi-objective problem in a straightforward 
way, and interval scenarios as scenario set. We will now formally describe the approach to 
a general LP formulation of a decision problem. In Section D.4, we will go into more detail 
about the special structure and formulation of the biofuels supply chain problem. 
Let Α ⊆ ℝ+
𝑚𝑥𝑛 model the constrains to describe the set of feasible solutions 𝑋 ⊆ ℝ+
𝑛  of our 
optimization problem and let 𝑏 ∈ ℝ+
𝑚 be the right-hand side. We assume that all 
coefficients of the matrix are positive and also that the decision variables take only non-
negative. This assumption is necessary to obtain a simple compact formulation for the 
robust multi-objective optimization problem. However, the idea can be extended in a 
straightforward way to general LP settings. Next to the constraints, we are given a set of 𝐾 
linear objective functions 𝑐1, … , 𝑐𝐾: 𝐾 → ℝ. Each objective 𝑐𝑘 induces cost 𝑐𝑘(𝑥) on a 
feasible solution 𝑥 ∈ 𝑋 with 
𝑐𝑘(𝑥) = ∑𝑐𝑘𝑖𝑥𝑖
𝑁
𝑖=1
 
 (D-1) 
The values 𝑐𝑗𝑖 ∈ ℝ+ are the cost values for the decision variable 𝑥𝑖, in the 𝑘
𝑡ℎ objective, 
which need to be minimized. Summing up, we obtain the following formulation for the 
deterministic multi-objective optimization problem: 
min(∑𝑐1𝑖𝑥𝑖, … ,
𝑁
𝑖=1
∑𝑐𝐾𝑖𝑥𝑖
𝑁
𝑖=1
) 
 (D-2) 
∑𝑎𝑗𝑖𝑥𝑖
𝑁
𝑖=1
≤ 𝑏𝑗 
∀𝑗 = 1…𝑀 (D-3) 
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𝑥𝑖 ≥ 0 ∀𝑖 = 1…𝑁 (D-4) 
Where D-2 represents the constraints a feasible solution needs to satisfy and D-3 models 
that all decision values are non-negative. A feasible solution is evaluated in D-4 by a 
vector of cost values. The objective is to minimize this vector. 
We now assume that the values of the coefficients 𝑎𝑗𝑖 ∈ ℝ+ are uncertain. Note that any 
uncertainties in the objective or on the right-hand side can be represented by uncertainties 
in the coefficients matrices (Bertsimas & Sim, 2003). To model these uncertainties, we use 
the most classical set of scenarios, the so-called interval scenarios 𝒮𝐼. In this setting, for 
each parameter 𝑎𝑗𝑖 we are given a nominal value ?̅?𝑗𝑖 and the worst case deviation ?̃?𝑗𝑖, 𝑖 ∈
{1…𝑁}, 𝑗 ∈ {1. .𝑀}. A scenario 𝒮 ∈ 𝒮𝐼 describes a feasible realization Α
𝒮 ⊆ ℝ𝑀𝑥𝑁 if all 
parameters 𝑎𝑗𝑖
𝒮  lie within the interval [?̅?𝑖𝑗, ?̅?𝑗𝑖 + ?̃?𝑗𝑖] i.e. 𝑎𝑗𝑖
𝒮 ∈ [?̅?𝑖𝑗, ?̅?𝑗𝑖 + ?̃?𝑗𝑖] for all 𝑖 ∈
{1…𝑁}, 𝑗 ∈ {1…𝑀}. The corresponding point-based minmax robust multi-objective 
counterpart of (D-2 – D-4) is then 
min(∑𝑐1𝑖𝑥𝑖, … ,
𝑁
𝑖=1
∑𝑐𝐾𝑖𝑥𝑖
𝑁
𝑖=1
) 
 (D-5) 
𝑚𝑎𝑥𝒮∈𝒮𝐼 (∑ 𝑎𝑖𝑗
𝒮
𝑁
𝑖=1
) ≤ 𝑏𝑗 
∀𝑗 = 1…𝑀 (D-6) 
𝑥𝑖 ≥ 0 ∀𝑖 = 1…𝑁 (D-7) 
Inequality D-5 and D-7 again represent the objective and the non-negativity of a solution. 
The robust approach integrating the uncertainties into the optimization problem is captured 
in D-6. Here, all different scenarios in the interval scenario set 𝒮𝐼 need to be considered. A 
solution is then evaluated by the scenario inducing the maximum resource consumption. 
Inequality D-6 can be further simplified. Instead of considering (∑ 𝑎𝑗𝑖
𝑆𝑥𝑖) ≤ 𝑏𝑗
𝑛
𝑖=1 , we can 
replace this term by a deterministic constraint 
∑?̅?𝑗𝑖𝑥𝑖
𝑛
𝑖=1
+ ∑?̃?𝑗𝑖𝑥𝑖
𝑛
𝑖=1
≤ 𝑏𝑗 
∀𝑗 = 1…𝑀 (D-8) 
To model the risk attitude of the decision maker, we adjust the considered scenario set 𝒮𝐼 
according to his/her willingness to take risks. Instead of using the nominal value and the 
worst-case deviation, we consider only a fraction 𝜎 ∈ [0,1] of the latter. Thus, a risk-
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neutral decision maker would select 𝜎 = 0 and only consider the nominal value. A risk-
averse decision maker would select 𝜎 = 1 and ensure that the solution is feasible in the 
worst case and thus for all scenarios (see Figure D - 2). According to a given parameter 𝜎, 
we obtain the following compact formulation:  
min(∑𝑐1𝑖𝑥𝑖, … ,∑𝑐𝐾𝑖𝑥𝑖
𝑁
𝑖=1
𝑁
𝑖=1
) 
 (D-9) 
∑?̅?𝑗𝑖
𝑁
𝑖=1
𝑥𝑖 + 𝜎 ∑?̃?𝑗𝑖𝑥𝑖 ≤ 𝑏𝑗
𝑁
𝑖=1
 
∀𝑗 = 1…𝑀 (D-10) 
𝑥𝑖 ≥ 0 ∀𝑖 = 1…𝑁 (D-11) 
Inequality D-9 and D-11 are the same as in D-5 and D-7. Inequality D-10 already 
represents the compact formulation of D-6, namely D-8 when considering the scenario set 
𝒮𝐼
𝜎 with 𝒮 ∈ 𝒮𝐼
𝜎 if 𝑎𝑗𝑖
𝒮 ∈ [?̅?𝑗𝑖 , ?̅?𝑗𝑖 + 𝜎?̃?𝑗𝑖]. 
This formulation represents a point-based minmax multi-objective optimization problem 
and can be solved by any deterministic multi-objective solution method. 
 
Figure D - 2 In (a) the decision maker is risk-neutral and thus considers the biggest set of feasible solutions. A risk-
averse decision maker chooses 𝝈 = 1 and thus considers a small set of feasible solutions (b). Using a different value of 
𝝈, the set of feasible solutions increases again (c). 
This framework uses the most classic concept of robust optimization, i.e., the minmax 
robustness, and the most classic set of scenarios, i.e., interval scenarios. Obviously, any 
other concept, such as regret robustness (Kouvelis & Yu, 1997), adjustable robustness 
(Ben-Tal et al., 2004), reliability robustness (Ben-Tal, El-Ghaoui, & Nemirovski, 2000), or 
light robustness (Fischetti & Monaci, 2009), can equally be used and included into the 
multi-objective framework. The considered interval scenario set can easily be replaced as 
well, for example byΓ-scenarios (Bertsimas & Sim, 2003), ellipsoidal scenarios (Ben-Tal 
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et al., 2009), discrete scenarios (Kouvelis & Yu, 1997), or multi-band scenarios (Büsing & 
D'Andreagiovanni, 2013). The adaption of the coefficients according to the risk attitude by 
a parameter 𝜎 then has to be considered more carefully. 
To conclude, the presented robust Pareto optimality can be applied to solve multi-objective 
optimization models with uncertain data in the set of objective functions and/or the 
constraints of the optimization model. Furthermore, the approach allows for considering 
different risk attitudes of the decision maker, as we will show in more detail in the 
computational study on the German biodiesel supply chain problem. 
D.4 A robust and sustainable German biodiesel supply chain model 
In the future, the usage of fossil fuels must be reduced by substituting fossil fuels with 
biofuels (Dinh et al., 2009). Biofuels can be divided into a first and second generation. 
First-generation biofuels have been criticized for requiring large areas of land to produce 
biomass and thus competing with food and fodder production. Second-generation biofuels 
are made from waste material, leading to higher investment and production cost. 
Stipulation by sustainable political regulations is needed to avoid unintended side-effects 
owing to the market diffusion of sustainable biofuels. 
To avoid unintended side effects related to first generation biofuels, such as low emission 
savings and competition with the food sector, and to ensure the sustainability of biofuels, 
the European Union has introduced a set of regulations, influencing the market diffusion of 
biofuels. These regulations include biofuel quotas, multiple counting of blended second 
generation biofuels, emission saving targets, and the consideration of land use change 
emissions within the life cycle emissions of biofuels (for a detailed explanation of the 
different political instruments see Hombach et al. (2016). Table D - 1 gives an overview of 
European biofuel regulations for the stipulation of biofuels. Furthermore, the negative 
social impacts of land use change have become a global topic of discussion, questioning 
the sustainability of biofuels from biomass. While direct land use change (dLUC) is 
responsible for the loss of biodiversity and damage to the ecosystems, e.g., the clearing of 
the rain forest for palm oil, indirect land use change (iLUC) is responsible for food 
insecurity and increasing food prices, e.g., in Mexico, where the maize originally used for 
food production is now used in the biofuel industry. In 2009, the European Union included 
GHG emissions resulting from direct land use change into the life cycle GHG emissions of 
biofuels. In 2012, GHG emissions from indirect land use change were added to the GHG 
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life cycle emissions of biofuels. Thus, this topic is implicitly considered within the 
European biofuels regulations, but it is still unclear if this is sufficient to prevent land use 
change. Consequently, there is a need for long-term stable political regulations that are 
sustainable and avoid unintended side effects. 
Table D - 1 European biofuel regulation [iLUC: indirect land use change; dLUC: direct land use change] 
 Biofuel quota Multiple counting 
for second gen. 
Emission saving LUC emissions 
2009/28/EC 2% in 2014;  
4% in 2017;  
6% in 2020 
double 35% in 2009; 50% in 
2017; 60% in 2018 
dLUC (iLUC) 
 
Due to the long-term planning horizon of political regulations, planning uncertainties that 
influence the sustainability performance of biofuel supply chains must be considered to 
find robust and sustainable biofuels regulations. Table D - 2 gives an overview of different 
market uncertainties influencing the sustainability performance of biofuel supply chains 
such as biomass availability, fuel demand, investment cost, or life cycle emissions. The 
consideration of uncertain data within the investment decision depends on the decision 
maker’s specific risk attitude. This perspective has to be considered when designing 
political regulations. Accordingly, to ensure that the political regulations lead to 
sustainable biofuel supply chains regardless of the considered uncertainties and the 
investor’s risk attitude, the political decision maker has to consider these aspects within 
his/her decision support system. 
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Table D - 2 Biodiesel supply chain characteristics 
 
To find robust and sustainable biofuels regulations, the following optimization problem 
with three conflicting sustainability objectives depending on uncertain parameters has to be 
solved. A detailed description of the deterministic optimization model is given in Hombach 
& Walther (2015) and Hombach et al. (2016); the robust and sustainable extension is given 
in the supplemental material. 
In the following, the biofuel supply chain system encompassing biomass cultivation, 
biomass supply, selection of technology and capacity, import of biomass and/or biofuel, 
transportation, production, blending, and demand is modeled as a network flow problem 
(see Figure D - 3). Biomass and intermediate products are classified as input materials that 
can be transformed into biofuel. This transformation takes place at production plants, 
which use different technologies and have specific capacities. Finally, produced biofuels, 
imported biofuels, and additional fossil fuels are mixed in order to satisfy the total fuel 
demand. 
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Figure D - 3 Network structure of the biofuel supply chain 
Considering the network structure, decisions can be taken regarding the capacity, 
technology, and number of production facilities used in each period. Additionally, 
allocation decisions are taken in each period regarding cultivated biomass in the domestic 
country, imported biomass, produced intermediate products, and biofuels as well as 
imported biofuels and used fossil fuels. It is important to notice that the minimal and 
maximal demand for specific biofuels depends solely on the European biofuels regulations 
(see Table D - 1), as biofuel is not competitive per se and is only produced in order to 
fulfill the mandatory market share for first- or second-generation biofuel. Therefore, all 
network decisions depend on the development of these political regulations, which have a 
very high relevance for all long-term, non-revisable, high investment decisions such as 
network structure, choice of technology, and capacity (Hombach & Walther, 2015). 
The goal of the optimization model is to determine robust Pareto optimal solutions with 
regard to the following three sustainability objectives: (I) maximizing the discounted net 
present value (economic), (II) minimizing the life cycle GHG emissions (ecologic), and 
(III) minimizing the land use change (social) of the fuel sector. For illustrative purposes, 
we assume that only the biomass availability and the production cost for fossil fuel are 
uncertain. Current biomass availability and diesel price are assumed to range at 100% for 
the nominal case. In a worst-case scenario, we suppose that biomass availability decreases 
by 20% due to competing demand for biomass by other industry sectors. With regard to the 
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diesel production cost, we expect an increase of 20% in the worst case due to availability 
of fossil oil. These worst-case assumptions are selected according to (Hombach et al., 
2016). In the following, we will show what influence different risk attitudes have on the 
robust Pareto optimal solutions. 
We apply our model to the German biodiesel market. In order to fulfill the total German 
biodiesel demand, first-generation biodiesel (Fatty acid methyl esters - FAME) and 
second-generation biodiesel (Biomass-to-Liquid – BtL) can be blended with varying 
quotas. Furthermore, a technical blending quota for FAME of 7% is considered 
2009/30/EG. Costs and emissions are determined according to the diesel type (FAME, 
BtL, fossil), conversion technology, and biomass (rapeseed, soy bean, palm oil, residual 
straw, residual wood, miscanthus). Information on the total diesel demand and prices are 
also derived. The planning horizon is 20 years starting from 2013. Additionally, political 
regulations from the EU derivation 2009/28/EG are considered (Table D - 1). For a more 
detailed explanation of the case study, see Hombach & Walther (2015). 
In the next section, we solve the robust multi-objective optimization model by applying the 
methodology explained in Section D.3.3. To include the decision maker’s risk attitude, we 
model the uncertain parameters by employing different interval scenarios. To calculate the 
Pareto front, we use the argument 𝜖-constraint method (Mavrotas, 2009). The optimization 
model contains 3,653 constraints and 68,933 variables, of which 315 are integer. A 
detailed description of the MIP formulation for the sustainable biofuel supply chain 
problem can be found in Hombach & Walther (2015), Hombach, Cambero, Sowlati & 
Walther (2016). The supplemental material contains a summary of the parameter, 
variables, constraints and objectives used. We employed CPLEX 12.4 to solve the model 
and observed a solution time of approximately 9,155 seconds to obtain the Pareto front. 
D.4.1 Computational results for different risk attitudes 
In the following, we first analyze in detail the Pareto front for a risk-neutral decision maker 
to create a deeper understanding of the case study and the resulting solutions (Subsection 
D.4.1.1 and Subsection D.4.1.2). Subsequently, we present the influence of different risk 
attitudes on the robust Pareto optimal solutions (Subsection D.4.1.3 and Subsection 
D.4.1.4). In Subsection D.4.1.5, we describe how the decision maker can select the optimal 
solution according to his/her needs. 
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D.4.1.1 Risk-neutral and ideal solutions for the three sustainability objectives 
A risk-neutral decision maker takes his/her decision according to the expected value of the 
uncertain parameters (Rockafellar & Royset, 2015). An ideal solution of a certain objective 
Represents the best value that can be archived. Figure D - 4 shows the Pareto front for the 
risk-neutral decision maker. The ideal solutions for the three conflicting sustainable targets 
are highlighted. The ideal economic solution has the highest possible market share of fossil 
diesel and thus only a 6% biodiesel market share in 2020. This share is reduced as far as 
possible. The 4% BtL market share in 2020 is reached only due to the multiple counting of 
BtL compared to FAME. Thus, the real BtL market share, without multiple counting, 
accounts for only 2%. For the BtL production, the available residual straw and wood is 
sufficient, and no land use change appears. For the production of FAME, mainly the 
cheapest biomass palm oil is used, which exceeds the available amount of palm oil for 
Germany and results in the change of land. The same is true for soy beans. Consequently, 
land use change appears for the production of FAME and is not prohibited by the existing 
political regulations (see Table D - 1). 
The ideal ecologic solution reaches a 67% market share of biodiesel (7% FAME and 60% 
BtL). Due to technical blending restrictions for FAME, it is possible to use only a maximal 
blending quota of 7%. Again, a drawback of this solution is the land use change. While the 
cultivation of soy beans and residual wood does not lead to land use change, the used palm 
oil and miscanthus notably exceeds the available amount for Germany. This results in a 
large monoculture of miscanthus in Germany and of palm oil trees in Malaysia. 
Miscanthus as well as palm oil trees are cultivated on cropland, forest, grassland, and land 
for permanent crops. Thus, the consideration of land use change emissions within the life 
cycle emissions of biodiesel combined with the emission saving target of the European 
Union (see Table D - 1) cannot prevent land use change at least for miscanthus and palm 
oil trees.  
The ideal social solution is not a single one. One of the solutions leads to less emissions 
and a low NPV (Market share: 6% FAME, 15% BtL, and 79% fossil diesel), another 
solution leads to higher emissions and thus a higher NPV (Market share: 2% FAME, 2% 
BtL, and 96% fossil diesel). To prevent land use change, only biomass which is already 
available in 2013 (residual wood and straw for BtL, and palm oil, rapeseed, and soy beans 
for FAME) is used. It is thus possible to satisfy the political regulations and at the same 
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time prevent land use change. This leads to the need of redesigning existing political 
regulations regarding the explicit consideration of land use change. Due to the more 
expensive biomass used for the production of FAME, the NPV is lower compared to the 
ideal economic solution. 
In conclusion, to prevent land use change, it is not sufficient to implicitly include it into 
political regulations, as done by the European Union. Due to the low GHG emission of 
specific BtL, it is still possible to save the required 60% emissions compared to fossil 
diesel even if land use change emissions are considered within the life cycle emissions of 
biodiesel. Additionally, we found that the NPV as well as the polluted emissions of the 
diesel sector decrease with an increasing biodiesel market share, especially of BtL. 
 
Figure D - 4 Pareto front for a risk-neutral decision maker and ideal solutions 
D.4.1.2 Risk-neutral and trade-off between the three sustainability objectives 
In the following, the trade-off between the three conflicting sustainability objectives for a 
risk-neutral decision maker is discussed. Figure D - 5 shows an approximation of the entire 
Pareto front in Figure D - 4. In the following, we use iso curves for the approximation 
(Quariguasi Frota Neto, J. et al., 2009) and visualization of the three trade-offs (economic 
vs. ecologic; ecologic vs. social; economic vs. social). 
Each of the Pareto front curves represents the trade-off between the social and economic 
target for a specific ecologic value. This specific GHG emission value can be achieved by 
different economic and social values. In general, less land use change leads to a solution 
with a lower NPV: If mainly available biomass is used and less additional biomass is 
cultivated, it is not possible to prefer cheap biomass. The trade-off between the ecologic 
and economic target is shown in the location of the single curves. An increase of the GHG 
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emission leads to an increase of the NPV: In this case, more fossil diesel than biodiesel is 
blended. Finally, it is possible to select a solution leading to less GHG emissions and a 
lower NPV or a solution with more GHG emissions and a higher NPV by fixing a specific 
amount of land use change. The trade-off between the ecologic and social target is 
illustrated by the ascending slope of the curves. At a specific point, it is not possible to 
emit less GHG emissions without land use change due to biomass availability. 
Additionally, the size of the curves is of particular interest. In Figure D - 5 we observe that 
the curves are smaller on the left- and right-hand side of the Pareto front. Here, few or even 
only one ideal economic and ecologic solution exists. However, there are many Pareto 
optimal solutions for a medium ecological objective value. In the case of a medium 
emission value, many Pareto optimal solutions are available due to many possible 
combinations for the blending of fossil/biodiesel, usage of different biomass types, the 
installation of plants with different technologies, and capacity classes. 
In conclusion, the trade-off between the three pillars of sustainability (economic, ecologic, 
and social) is shown within the nominal scenario, representing a risk-neutral decision 
maker. However, the uncertain characteristic of the strategic planning problem has not 
been considered so far. 
 
Figure D - 5 Approximation of the Pareto front for a risk-neutral decision maker and the trade-off of the three 
sustainability objectives 
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D.4.1.3 Risk-neutral vs. risk-averse decision maker 
In the following, we analyze the influence of considering a risk-averse instead of a risk-
neutral decision maker on the Pareto front. A risk-averse decision maker would not 
consider the expected values of the uncertain parameters but rather the worst case 
(Rockafellar & Royset, 2015). With regard to the development of the parameters, the 
following general attitude of the risk-neutral and risk-averse decision maker can be 
derived: The risk-neutral decision maker expects a higher biomass availability and lower 
cost for fossil diesel than a risk-averse decision maker. The risk-neutral decision maker is 
willing to take the risk that the cost for fossil diesel is higher than expected. He also 
neglects the option that the computed solution is not feasible in case the biomass 
availability is not sufficient. The risk-averse decision maker does not take this risk. We 
model the risk attitude by different 𝜎 values, 𝜎 ∈ [0,1], taking into account the 
corresponding interval scenario set as explained in section D.3.3. 
We further consider the Pareto front of 𝜎 = 0 and 𝜎 = 1 and show how these Pareto fronts 
reflect the explained risk attitudes. Note that the Pareto front for the risk-neutral decision 
maker is taken from Section D.4.1.1. In Figure D - 6b) we find that the depicted iso curves 
reflect the attitude of the risk-neutral decision maker on the one hand (𝜎 = 0) and the risk-
averse decision maker (𝜎 = 1) on the other hand. Three major differences can be identified: 
(I) for 𝜎 = 1 lower GHG emission savings are expected to be achieved due to less available 
biomass, (II) for 𝜎 = 1 the expected cost are higher to reach the same GHG emissions due 
to less biomass availability as well as higher cost for fossil diesel, and (III) for 𝜎 = 1 less 
biomass can be used for the production of biodiesel. This clearly meets the observed 
expectations of a risk-averse decision maker. 
This relation can be illustrated once more by the following example in Figure D - 6. Due to 
the trade-off between the economic and social criteria, no single solution is found but 
rather a set of solutions. Figure D - 6 shows the extreme points of these solutions, 
representing the economic (NPV >> LUC) and social (LUC >> NPV) ideal solutions. To 
reach the identical amount of GHG emission (2,000 M t CO2-eq), less NPV (about 6%) 
and higher land use change (about 18%) appear for the 𝜎 = 1 or risk-averse compared to 
the 𝜎 = 0 or risk-neutral solution. 
In conclusion, we see that the different risk attitudes can be integrated into the robust 
multi-objective optimization model by using different scenario sets. A bigger scenario set, 
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i.e., 𝜎 = 1, reflects a more risk-averse attitude. The presented results show that a risk-
averse decision maker expects less emission saving potential than a risk-neutral decision 
maker. He also expects less NPV insofar as a risk-averse decision maker has a lower 
interest in investing into the sustainable biodiesel supply chain than the risk-neutral 
decision maker. 
For the political decision maker, two major findings are retrieved: (I) the expected 
profitability of the sustainable biodiesel supply chain depends on his/her risk attitude. 
Thus, the risk attitude influences the willingness to invest into a sustainable biodiesel 
supply chain. (II) The sustainability performance depends on the considered market 
uncertainties. To ensure that political regulations lead to sustainable biodiesel supply 
chains, the political decision maker needs to consider the related uncertainties. The 
consideration of a strictly risk-neutral or risk-averse decision maker may lead to ultra-
optimistic or conservative solutions changing the setting of potential investors in this 
market. Thus, it seems necessary to first analyze the investors’ risk attitude, derive a 
reasonable risk attitude reflected by 𝜎 ∈ [0,1], compute the Pareto front, and then use this 
as a basis for the political regulation. The consideration of a risk attitude between risk-
neutral and risk-averse is needed to find a Pareto front representing the specific risk 
attitude of the decision maker. 
 
Figure D - 6 Approximation of the a) Pareto front for σ=0 or a risk-neutral decision maker, b) Pareto front for σ=1 or a 
risk-averse decision maker and exemplary results for given GHG emission of 2,000 M t CO2-eq 
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D.4.1.4 Further risk attitudes 
The decision maker may not always be strictly risk-neutral or strict risk-averse, but he/she 
may have a risk attitude in between, especially when taking into account a reasonable risk 
attitude for several decision makers. In this section, we compare the Pareto front for 
various risk attitudes between risk-neutral and risk-averse. Based on our observation in 
Section D.3 we obtain the behavior by the parameter 𝜎 in our model. We assume a 𝜎 = 0.1 
risk attitude for a more risk-neutral decision maker and a 𝜎 = 0.9 risk attitude for a more 
risk-averse decision maker. Accordingly, a 𝜎 = 0.5 risk attitude is considered for a decision 
maker in between risk-neutral and risk-averse. Figure D - 7 shows the approximation of the 
Pareto front for all three considered risk attitudes respectively, 𝜎-values. 
The Pareto front decreases in size with an increasing 𝜎-value: The more risk-averse the 
decision maker, the smaller the Pareto front. A trade-off between a high 𝜎 -value, leading 
to a robust solution, and a larger Pareto front, leading to more flexibility for the design of a 
sustainable biodiesel regulation, is available. This observation can clearly be seen in the 
example given in Figure D - 7. To reach the identical amount of GHG emission (2,000 M t 
CO2-eq), different solutions appear according to the selected risk attitude. Again due to the 
trade-off between the economic and social criteria, there is not a single solution but a set of 
robust Pareto optimal solutions. The solution range is given in Figure D - 7. Again, we find 
that the more risk-averse the decision maker is, the smaller the expected NPV and the 
higher the expected land use change is. The interesting finding is that the gap between the 
𝜎 = 0.1 decision maker and the decision maker represented by 𝜎 = 0.5 is larger (NPV -2%; 
LUC +8%) than between the 𝜎 = 0.9 decision maker (NPV -1%; LUC +7%). Thus, the 
interaction between the selected risk attitude and the sustainability performance of the 
biodiesel supply chain is not linear. 
By selecting different 𝜎 -value, the political decision maker can analyze the influence of 
different risk attitudes on the sustainability performance of the biodiesel supply chain. 
Using these estimates, the political decision maker can evaluate if the selection of a higher 
𝜎 -value justifies the performance reduction of the sustainability targets. 
We find that the Pareto front changes in shape and location depending on the selected risk 
attitude and that there is no linear relationship. This has the following consequences for 
political regulations: (I) The developed regulations must take into account specific risk 
attitudes. (II) To analyze the efficiency of the regulation, the investor’s potential reaction 
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must be anticipated by the political decision maker. The regulations should anticipate the 
different risk attitudes of potential investors and must lead to sustainable and robust 
biodiesel supply chains independent of the investor’s specific risk attitude. 
 
Figure D - 7 Approximation of the Pareto front (σ=0.1 (risk-neutral) ; σ =0.5 (between risk-neutral and risk-averse); σ 
=0.9 (risk-averse)) and exemplary results for given GHG emission of 2,000 M t CO2-eq 
Summing up, there exist trade-offs between the three sustainability criteria of the biodiesel 
supply chain. The decision maker’s risk attitude has an influence on the sustainability 
performance of the solution. It is hence important to consider the multiple objectives as 
well as the risk attitude to find robust and sustainable biodiesel supply chains for specific 
decision makers. 
D.4.1.5 Selection of optimal solution for a specific decision maker 
In this section, we explain how the framework developed in Section D.3.3 and applied to 
the case study of the German biodiesel market (Section D.4) can be used by the decision 
maker to select a solution representing his/her specific risk attitude and needs (see Figure 
D - 8). 
 
Figure D - 8 Process for the selection of the optimal solution for a specific decision maker 
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In the first step (1) the decision maker is asked to define his/her specific risk attitude, 
representing a specific 𝜎-value. In case the risk attitude is not known to the decision 
maker, a set of Pareto fronts representing different 𝜎-values has to be calculated (1.1), as 
shown in Section D.4.1.4. From this, the decision maker can select the Pareto front (𝜎 
value) that best represents his/her risk attitude. In the second step (2) the Pareto front 
representing the decision maker’s specific risk attitude (𝜎-value) is calculated (if not 
already calculated in step 1.1)). In step 3, the Pareto front is shown to the decision maker 
and he/she is asked to select the Pareto optimal solution which satisfies the requirements 
for all conflicting objectives. Finally, the decision maker can implement the robust and 
sustainable biodiesel supply chain representing his/her risk attitude and requirements for 
all considered and conflicting sustainability objectives. 
D.5 Conclusion 
In this paper, a robust and sustainable optimization model for the biofuel sector was 
developed and applied to the case study of the German biodiesel market in order to deduce 
recommendations for political decision makers and analyze the influence of different risk 
attitudes on the sustainability performance of the biofuel supply chain. General results are 
that a simultaneous consideration of all conflicting sustainability targets, the uncertain 
development of planning parameters, and the specific risk attitude of the decision maker 
must be taken into account for the design of robust and sustainable supply chains. The risk 
attitude can be integrated into this robust, multi-objective framework by using different 
scenario sets. 
In this paper, we considered only interval scenario sets in combination with a minmax 
robust multi-objective approach, and we have shown that the risk attitude of a decision 
maker can be modeled by different interval scenarios. The corresponding Pareto front then 
reflects the evaluation of a solution by the decision maker. Thus, it is possible to quantify 
the risk attitude and derive the corresponding Pareto front. Using different scenario sets 
such as Γ-scenarios scenarios or ellipsoid scenarios in combination with different 
robustness concepts may lead to even more refined recommendations for the decision 
maker. This as well as the transfer of this framework to other problems in the logistic, 
production, or transportation sector is subject of further research. 
Furthermore, the model can be extended in order to account for other important aspects of 
sustainable biofuel supply chains. The interaction of the optimization model with a 
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Geographical Information System (GIS) seems promising in order to study biomass growth 
and land use change effects in more detail. Another promising approach is the separate 
consideration of the fuel sector’s different actors in order to provide information for 
political decision makers on incentives or penalties. 
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D.7 Supplementary material 
Optimization model 
Notation 
Indices 
𝐴 Index set of land use types; 𝑎 ∈ 𝐴 
𝐵 Index set of final fuel blend; 𝑏 ∈ 𝐵 
𝐶 Index set of capacity class; 𝑐 ∈ 𝐶 
𝐹 Index set of input materials (biomass, intermediate product); 𝑓, 𝑓′ ∈ 𝐹 
𝐹𝑎 Index set of areas 𝑎 leading to LUC in case biomass 𝑓 is cultivated; 𝑓, 𝑓
′ ∈ 𝐹𝑎; 𝐹𝑎 ⊆ 𝐹 
𝐾 Index set of biofuels; 𝑘 ∈ 𝐾 
𝐿 Index set of production technologies; 𝑙, 𝑙′ ∈ 𝐿 
𝑄 Index set of sources; 𝑞 ∈ 𝑄 
𝑄𝐼𝑚𝑝𝑜𝑟𝑡 Index set of suppling sources; 𝑞 ∈ 𝑄𝐼𝑚𝑝𝑜𝑟𝑡; 𝑄𝐼𝑚𝑝𝑜𝑟𝑡 ⊆ 𝑄 
𝑄𝐼𝑛𝑙𝑎𝑛𝑑 Index set of domestic sources; 𝑞 ∈ 𝑄𝐼𝑛𝑙𝑎𝑛𝑑; 𝑄𝐼𝑛𝑙𝑎𝑛𝑑 ⊆ 𝑄 
𝑇 Index set of periods; 𝑡 ∈ 𝑇 
𝔘 Index set of uncertainty; 𝜉 ∈ 𝔘 
Parameters and coefficients 
?̃?𝑏𝑡𝜉
𝐹𝑜𝑠𝑠𝑖𝑙 Uncertain 𝜉 production cost for fossil fuel 𝑏 in period 𝑡 
?̌?𝑎𝑞𝜉 Uncertain 𝜉 Available area of type 𝑎 at source 𝑞 
𝐶𝑇𝐵𝐹 Transportation cost for biofuel 
𝐶𝑇𝐼𝑁 Transportation cost for intermediate product 
𝐶𝑓𝑙𝑘
𝑃𝑟𝑜𝑑𝑉𝑎𝑟 Variable production cost for processing biomass 𝑓 with technology 𝑙 with capacity class 𝑐 
𝐶𝑓𝑞
𝑇𝐵𝑀 Transportation cost for biomass 𝑓 from source 𝑞 
𝐶𝑓𝑞𝑡
𝐼𝐵𝑀 Cost for imported biomass 𝑓 from source 𝑞 in period 𝑡 
𝐶𝑓𝑡
𝐵𝑀 Cost of biomass 𝑓 in period 𝑡 
𝐶𝑘𝑡
𝐼𝐵𝐹 Cost for imported biofuel 𝑘 in period 𝑡 
𝐶𝑙𝑐
𝐼𝑛𝑣𝑒𝑠𝑡 Investment cost for production technology 𝑙 with capacity class 𝑐 
𝐶𝑙𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥 Fix production cost for production technology 𝑙 with capacity class 𝑐 
𝐷𝑏𝑡 Demand of final fuel blend 𝑏 in period 𝑡 
𝐸𝑇𝐵𝐹 GHG emissions for the transportation of biofuels 
𝐸𝑇𝐼𝑁 GHG emissions for the transportation of intermediate product  
𝐸𝑎𝑞
𝑜𝐿𝑈 Original carbon stock from area 𝑎 at source 𝑞 
𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙 GHG emissions for fossil fuel for the final fuel blend 𝑏 
𝐸𝑓𝑎
𝐵𝑜𝑛𝑢𝑠 GHG emission bonus if biomass 𝑓 is cultivated on area 𝑎 
𝐸𝑓𝑎
𝑖𝐿𝑈𝐶 iLUC GHG factor if biomass 𝑓 is cultivated on area 𝑎 
𝐸𝑓𝑙𝑘
𝑃𝑟𝑜𝑑 GHG emissions for the production of biofuel 𝑘 with technology 𝑙 from input material 𝑓 
𝐸𝑓𝑞
𝐶𝑢𝑙𝑡 GHG emissions for the cultivation of biomass 𝑓 at source 𝑞 
𝐸𝑓𝑞
𝑇𝐵𝑀 GHG emissions for the transportation of biomass 𝑓 from domestic source 𝑞 
𝐸𝑓𝑞
𝑐𝐿𝑈 Current carbon stock from biomass 𝑓 at source 𝑞 
𝐸𝑘
𝑈𝑠𝑒 GHG emissions for usage of biofuel 𝑘 
𝐸𝑞
𝐼𝐵𝐹 GHG emissions for imported biofuels from source 𝑞 
𝐸𝑞
𝐼𝐵𝑀 GHG emissions for the import of biomass from suppling source 𝑞 
𝑅𝑏𝑡 Return of fuel blend 𝑏 in period 𝑡 
𝑈𝑐𝑙  Capacity of technology 𝑙 with capacity class 𝑐 
𝑍𝑙𝑐
0  Existing production plants in 𝑡 = 1 of technology 𝑙 and capacity class 𝑐 
𝛼𝑘𝑏𝑡 Minimal market share for biofuel 𝑘 into final fuel blend 𝑏 in period 𝑡 
𝛽𝑘𝑏𝑡 Maximal market share for biofuel 𝑘 into final fuel blend 𝑏 in period 𝑡 
𝛾𝑓𝑙𝑓′
𝐼𝑛𝑡𝑒𝑟  Transformation coefficient for transforming input material 𝑓 with production technology 𝑙 into 
intermediate product 𝑓′ 
𝛾𝑓𝑙𝑘 Transformation coefficient for transforming input material 𝑓 with production technology 𝑙 into biofuel 
𝑘 
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𝜆𝑓𝑙𝑘 Allocation factor biofuel 𝑘 produced with technology 𝑙 from input material 𝑓 
𝜌𝑏𝑡 Emission saving target for final fuel blend 𝑏 in period 𝑡 
𝜍𝑘𝑏 Technical blending restriction of biofuel 𝑘 into final fuel blend 𝑏 
𝜎𝑓𝑎𝑞  Yield for biomass 𝑓 cultivated on area 𝑎 at source 𝑞 
𝜏𝑏𝑡 Total minimal market share for final fuel blend 𝑏 in period 𝑡 
𝜔𝑘𝑏 Blending coefficient for biofuel 𝑘 into final fuel blend 𝑏 
𝜗𝑘 Number biofuel 𝑘 counts  
𝐵𝑉 Book value of already installed production plants 
𝑖 Interest rate 
Decision variables 
ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘  Hectare of area type 𝑎 used for the cultivation of biomass 𝑓 at source 𝑞 in period 𝑡; information about 
the produced biofuel 𝑏, used production technology 𝑙, and final fuel blend 𝑘 are needed for the 
calculation of the GHG life cycle emissions 
𝑏𝑓𝑙𝑡𝑏𝑘  Amount of input material 𝑓 available at technology 𝑙 in period 𝑡; information about the produced 
biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the GHG life cycle emissions 
𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
 Amount of imported biomass 𝑓 from supplying country 𝑞 to technology 𝑙 in period 𝑡; information 
about the produced biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the GHG life cycle 
emissions 
𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 Available biomass 𝑓 at the domestic source 𝑞 which is transported to technology 𝑙 in period 𝑡; 
information about the produced biofuel 𝑏 and final fuel blend 𝑘 are needed for the calculation of the 
GHG life cycle emissions 
𝑒𝑏𝑡 Auxiliary variable: GHG life cycle emissions of used biofuel blended into the final fuel blend 𝑏 in 
period 𝑡 
𝑒𝑓𝑏𝑡𝑙𝑘
𝑑𝐿𝑈𝐶 Auxiliary variable: GHG emissions for dLUC for biomass 𝑓 used for the production of final fuel blend 
𝑏 in period 𝑡; information about the used production technology 𝑙, and final fuel blend 𝑘 are needed for 
the calculation of the GHG life cycle emissions 
𝑒𝑓𝑏𝑡𝑙𝑘
𝑖𝐿𝑈𝐶  Auxiliary variable: GHG emissions for iLUC for biomass 𝑓 used for the production of final fuel blend 
𝑏 in period 𝑡; information about the used production technology 𝑙, and final fuel blend 𝑘 are needed for 
the calculation of the GHG life cycle emissions 
𝑥𝑏𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 Amount of used fossil fuel 𝑏 in period 𝑡 
𝑥𝑓′𝑙′𝑓𝑙𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟  Amount of produced intermediate product 𝑓’ from input material 𝑓 with technology 𝑙 which is 
transported to technology 𝑙’ in period 𝑡; information about the produced biofuel 𝑏 and final fuel blend 𝑘 
are needed for the calculation of the GHG life cycle emissions 
𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 Amount of biofuel 𝑘 produced from input material 𝑓 with technology 𝑙 in period 𝑡; information about 
the produced biofuel 𝑏 is needed for the calculation of the GHG life cycle emissions 
𝑥𝑓𝑞𝑙𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡
 Amount of imported biofuel 𝑘 from supplying country 𝑞 in period 𝑡; information about the produced 
biofuel 𝑏, used production technology 𝑙,used biomass 𝑓 are needed for the calculation of the GHG life 
cycle emissions 
𝑥𝑘𝑏𝑡 Blended biofuel 𝑘 into final fuel blend 𝑏 in period 𝑡 
𝑦𝑙𝑐𝑡 Number of opened production technologies 𝑙 with capacity class 𝑐 in period 𝑡 
𝑧𝑙𝑐𝑡 Number of available production technologies 𝑙 with capacity class 𝑐 in period 𝑡 
𝑧𝑙𝑐𝑡
𝑈𝑠𝑒 Number of used production technologies 𝑙 with capacity class 𝑐 in period 𝑡 
 
Mathematical model 
Constraints for the (bio)fuel supply chain 
∑ ∑ ∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘
𝑘∈𝐾𝑙∈𝐿𝑏∈𝐵𝑓∈𝐹
≤ ?̃?𝑎𝑞𝜉 
∀𝑎 ∈ 𝐴, 𝑞 ∈ 𝑄, 𝑡 ∈ 𝑇 (D-12) 
𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 = ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝜎𝑓𝑎𝑞
𝑎∈𝐴
 ∀𝑓 ∈ 𝐹, 𝑞 ∈ 𝑄
𝐼𝑛𝑙𝑎𝑛𝑑, 𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 
𝑙 ∈ 𝐿 
(D-13) 
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𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡 + 𝑥𝑓𝑞𝑙𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙
1
𝛾𝑓𝑙𝑘
= ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝜎𝑓𝑎𝑞
𝑎∈𝐴
 
∀𝑓 ∈ 𝐹, 𝑞 ∈ 𝑄𝐼𝑚𝑝𝑜𝑟𝑡, 𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵, 
𝑙 ∈ 𝐿, 𝑘 ∈ 𝐾 
(D-14) 
Constraint (D-12) limits the area of each original land use type 𝑎 at each source 𝑞 that can 
be used for biomass supply. Where, the amount of available area (?̃?𝑎𝑞𝜉) is uncertain. Note 
that land use changes are allowed when a biomass 𝑓 is produced on an original land use 
type 𝑎 that was not intended for the production of that type of biomass 𝑓 e.g. in case palm 
oil trees are cultivated on forest dLUC appears. Constraint (D-13) and (D-14) show that the 
amount of biomass of each type 𝑓 supplied from a source 𝑞 is equal to the used area 
multiplied by its production yield. Note that the biomass available in the exporting 
countries must not only be sufficient for the exported biomass but also for the exported 
biofuel (constraint (D-14)). 
∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑
𝑞∈𝑄𝐼𝑛𝑙𝑎𝑛𝑑
+ ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
𝑞∈𝑄𝐼𝑚𝑝𝑜𝑟𝑡
+ ∑ ∑ 𝑥𝑓′𝑙′𝑓𝑙𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑙′∈𝐿𝑓′∈𝐹
= 𝑏𝑓𝑙𝑡𝑏𝑘 
∀𝑓 ∈ 𝐹, 𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇, 
𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾 
(D-15) 
𝑏𝑓𝑙𝑡𝑘𝑏 = 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙
1
𝛾𝑓𝑙𝑘
+ ∑ ∑𝑥𝑓𝑙𝑓′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ∙
1
𝛾𝑓𝑙𝑓′
𝐼𝑛𝑡𝑒𝑟
𝑙′∈𝐿𝑓′∈𝐹
 ∀𝑓 ∈ 𝐹, 𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇, 
𝑏 ∈ 𝐵; 𝑘 ∈ 𝐾 
(D-16) 
The input material (harvested biomass, imported biomass, and intermediate products) 
available is given by constraint (D-15). In constraint (D-16) the input material is 
transformed into biofuels or intermediate products according to the technology specific 
production yield. 
∑ ∑ ∑ 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑏∈𝐵𝑘∈𝐾𝑓∈𝐹
+ ∑ ∑ ∑ ∑ ∑ 𝑥𝑓𝑙𝑓′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑘∈𝐾𝑏∈𝐵𝑙′∈𝐿𝑓′∈𝐹𝑓∈𝐹
≤ ∑𝑈𝑐𝑙 ∙ 𝑧𝑙𝑐𝑡
𝑈𝑠𝑒
𝑐∈𝐶
 
∀𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇 (D-17) 
𝑧𝑙𝑐𝑡
𝑈𝑠𝑒 ≤ 𝑧𝑙𝑐𝑡 ∀𝑙 ∈ 𝐿, 𝑐 ∈ 𝐶, 𝑡 ∈ 𝑇 (D-18) 
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𝑧𝑙𝑐𝑡 = {
𝑦𝑙𝑐𝑡 + 𝑍𝑙𝑐
0 𝑓𝑜𝑟 𝑡 = 1
𝑧𝑙𝑐𝑡−1 + 𝑦𝑙𝑐𝑡 𝑒𝑙𝑠𝑒
 
∀𝑙 ∈ 𝐿, 𝑐 ∈ 𝐶, 𝑡 ∈ 𝑇 (D-19) 
Constraint (D-17) states that the total throughput of each plant producing either biofuel or 
intermediate product cannot exceed the plant capacity (given in terms of product output). 
Where only plants which are installed (constraint (D-18)) and in use (constraint (D-19)) 
can be considered. 
∑ ∑𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑙∈𝐿𝑓∈𝐹
+ ∑ ∑ ∑𝑥𝑓𝑞𝑙𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡
𝑙∈𝐿𝑞∈𝑄𝐼𝑚𝑝𝑜𝑟𝑡𝑓∈𝐹
= 𝑥𝑘𝑏𝑡 
∀𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵 (D-20) 
𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 + 𝑥𝑏𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 = 𝐷𝑏𝑡 ∀𝑡 ∈ 𝑇, 𝑏 ∈ 𝐵 (D-21) 
𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ≤ 𝐷𝑏𝑡 ∙ 𝜍𝑘𝑏 ∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇 (D-22) 
Within the blending constraint (D-20) the produced and imported biofuels are blended. The 
blended biofuels and used fossil fuel must fulfill the total fuel demand (constraint D-21). 
For specific biofuels technical maximal blending restrictions exists (constraint D-22) due 
to incompatibility with car engines (2009/30/EC). 
Political constraints 
In this section the political regulations shown are given. 
Table D - 3 Implementation of political instruments 
Political instrument Implementation 
Total minimal biofuel 
market share 
The sum of blended 1st and 2nd generation biofuels must fulfill at least the total market share 
quota (constraint D-23) 
Multiple counting of 2nd 
generation biofuels 
Multiple counting influences the fulfillment of the total biofuel quota (constraint D-23) as 
well as the minimal and maximal biofuel quota for specific biofuel kinds (constraint D-24) 
Emission savings 
compared with fossil fuel 
The total greenhouse gas life cycle emissions of the blended biofuels (constraint D-25) must 
be less than the GHG emissions of the fossil fuel substituted  multiplied with the emission 
saving target (constraint D-25) 
Land use change Direct (constraint D-27) and indirect land use change emissions (constraint D-28) can be 
calculated according to the calculation scheme of the European Union 
Maximal market share of 
1st generation biofuels 
The amount of blended 1st generation biofuel is limited by the maximal blending quota 
(constraint D-23) 
Minimal market share of 
2nd generation biofuels 
The amount of blended 2nd generation biofuel must fulfill at least the minimal blending 
quota (constraint D-23) 
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∑ 𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ∙ 𝜗𝑘
𝑘∈𝐾
= 𝐷𝑏𝑡 ∙ 𝜏𝑏𝑡 
∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇 (D-23) 
𝐷𝑏𝑡 ∙ 𝛼𝑘𝑏𝑡 ≤ 𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏 ∙ 𝜗𝑘 ≤ 𝐷𝑏𝑡 ∙ 𝛽𝑘𝑏𝑡 ∀𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 𝑡 ∈ 𝑇 (D-24) 
𝑒𝑏𝑡 ≤ 𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ (1 − 𝜌𝑏𝑡) ∙ ∑ 𝑥𝑘𝑏𝑡 ∙ 𝜔𝑘𝑏
𝑘∈𝐾
 ∀𝑏 ∈ 𝐵, 𝑡 ∈ 𝑇 (D-25) 
𝑒𝑏𝑡 = ∑ ∑ ∑ [∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝐸𝑓𝑞
𝐶𝑢𝑙𝑡
𝑞∈𝑄𝑎∈𝐴
+ 𝑒𝑓𝑏𝑡𝑙𝑘
𝑑𝐿𝑈𝐶 + 𝑒𝑓𝑏𝑡𝑙𝑘
𝑖𝐿𝑈𝐶
𝑘∈𝐾𝑙∈𝐿𝑓∈𝐹
+ 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑓𝑙𝑘
𝑃𝑟𝑜𝑑 + ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐸𝑓𝑞
𝑇𝐵𝑀
𝑞∈𝑄
+ ∑ ∑𝑥𝑓𝑙𝑓′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟 ∙ 𝐸𝑇𝐼𝑁
𝑙′∈𝐿𝑓′∈𝐹
+ ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑞
𝐼𝐵𝑀
𝑞∈𝑄
] ∙ 𝜆𝑓𝑙𝑘
+ ∑ ∑ ∑ 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑
𝑘∈𝐾𝑙∈𝐿
∙ 𝐸𝑇𝐵𝐹
𝑓∈𝐹
+ ∑ ∑ ∑ ∑ 𝑥𝑓𝑞𝑙𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐸𝑞
𝐼𝐵𝐹
𝑘∈𝐾𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
+ ∑ 𝑥𝑘𝑏𝑡 ∙ 𝐸𝑘
𝑈𝑠𝑒
𝑘∈𝐾
 
∀𝑏 ∈ 𝐵, 
𝑡 ∈ 𝑇 
(D-26) 
𝑒𝑓𝑏𝑡𝑙𝑘
𝑑𝐿𝑈𝐶 = ∑ ∑ (ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘
𝑞∈𝑄𝑎∈𝐴
∙ ((𝐸𝑎𝑞
𝑜𝐿𝑈 − 𝐸𝑓𝑞
𝑐𝐿𝑈) ∙ 3.664 ∙
1
20
− 𝐸𝑓𝑎
𝐵𝑜𝑛𝑢𝑠)) 
∀𝑓 ∈ 𝐹, 
𝑏 ∈ 𝐵, 
𝑘 ∈ 𝐾, 
𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇 
(D-27) 
𝑒𝑓𝑏𝑡𝑙𝑘𝜉𝑒
𝑖𝐿𝑈𝐶 = ∑ ∑ ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘 ∙ 𝐸𝑓𝑎
𝑖𝐿𝑈𝐶
𝑞∈𝑄𝑎∈𝐴
 ∀𝑓 ∈ 𝐹, 𝑏 ∈ 𝐵, 𝑘 ∈ 𝐾, 
𝑙 ∈ 𝐿, 𝑡 ∈ 𝑇 
(D-28) 
Constraint (D-23) ensures that the total biofuel market share quota is fulfilled by the 
blended biofuels under consideration of the biofuel specific blending coefficient. The 
biofuel specific minimal and maximal market share quotas are given in constraint (D-24). 
Furthermore, is it required that the total life cycle GHG emissions of the blended biofuels 
do not exceed the maximum amount of allowed GHG emissions (constraint (D-25)). 
Constraint (D-26) calculated the total biofuel life cycle GHG emission where the specific 
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dLUC and iLUC emissions are calculated in constraint (D-27) and (D-28) according to the 
calculation schema of the EU (2010/335/EU; ECOFYS 2010; SWD(2012) 343). 
𝑦𝑙𝑐𝑡, 𝑧𝑙𝑐𝑡, and 𝑧𝑙𝑐𝑡
𝑈𝑠𝑒 are integer variables, only none-negative flows are permitted, and 
𝑧𝑙𝑐0 = 0. 
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Objective function 
The first objective function (economic) is to maximize the discounted net present value 
(NPV) and is given in formulation (D-29). Note that the production costs for fossil fuels 
(?̃?𝑏𝑡𝜉
𝐹𝑜𝑠𝑠𝑖𝑙) are uncertain. 
max∑[[∑ 𝐷𝑏𝑡 ∙ 𝑅𝑏𝑡
𝑏∈𝐵𝑡∈𝑇
− ∑∑𝑦𝑙𝑐𝑡 ∙ 𝐶𝑙𝑐
𝐼𝑛𝑣𝑒𝑠𝑡
𝑐∈𝐶𝑙∈𝐿
− ∑ ∑ ∑ ∑ ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑓𝑡
𝐵𝑀
𝑘∈𝐾𝑏∈𝐵𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
− ∑∑𝑧𝑙𝑐𝑡
𝑈𝑠𝑒 ∙ 𝐶𝑙𝑐
𝑃𝑟𝑜𝑑𝐹𝑖𝑥 − ∑ ∑ ∑ ∑ 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑓𝑙𝑘
𝑃𝑟𝑜𝑑𝑉𝑎𝑟
𝑏∈𝐵𝑘∈𝐾𝑙∈𝐿𝑓∈𝐹𝑐∈𝐶𝑙∈𝐿
−∑ ∑ ∑ ∑ ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑛𝑙𝑎𝑛𝑑
𝑘∈𝐾
∙ 𝐶𝑓𝑞
𝑇𝐵𝑀
𝑏∈𝐵𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
− ∑ ∑ ∑ ∑ 𝑥𝑓𝑙𝑘𝑡𝑏
𝐼𝑛𝑙𝑎𝑛𝑑 ∙ 𝐶𝑇𝐵𝐹
𝑏∈𝐵
− ∑ ∑ ∑ ∑ 𝑥𝑓𝑙𝑓′𝑙′𝑡𝑏𝑘
𝐼𝑛𝑡𝑒𝑟
𝑘∈𝐾𝑏∈𝐵𝑙,𝑙′∈𝐿𝑓,𝑓′∈𝐹𝑘∈𝐾𝑙∈𝐿𝑓∈𝐹
∙ 𝐶𝑇𝐼𝑁 − ∑ ∑ ∑ ∑ ∑ 𝑏𝑓𝑞𝑙𝑡𝑏𝑘
𝐼𝑚𝑝𝑜𝑟𝑡
𝑘∈𝐾𝑏∈𝐵
∙ 𝐶𝑓𝑞𝑡
𝐼𝐵𝑀
𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
− ∑ ∑ ∑ ∑ ∑ 𝑥𝑓𝑞𝑙𝑘𝑡𝑏
𝐼𝑚𝑝𝑜𝑟𝑡 ∙ 𝐶𝑘𝑡
𝐼𝐵𝐹
𝑏∈𝐵𝑘∈𝐾𝑙∈𝐿𝑞∈𝑄𝑓∈𝐹
− ∑ 𝑥𝑏𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ ?̃?𝑏𝑡𝜉
𝐹𝑜𝑠𝑠𝑖𝑙
𝑏∈𝐵
]
∙ (1 − 𝑖)−(𝑡−𝑡0)] − 𝐵𝑉 
(D-29) 
The second objective function (ecological) is to minimize the polluted life cycle emissions 
of the biofuel market and is given in formulation (D-30). 
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min ∑ ∑(𝑒𝑏𝑡 + 𝑥𝑏𝑡
𝐹𝑜𝑠𝑠𝑖𝑙 ∙ 𝐸𝑏
𝐹𝑜𝑠𝑠𝑖𝑙)
𝑡∈𝑇𝑏∈𝐵
 
(D-30) 
The third objective function (social) is to minimize land use change and is given in 
formulation (D-31). 
min ∑ ∑ ∑ ∑ ∑ ∑ ∑ℎ𝑓𝑎𝑞𝑡𝑏𝑙𝑘
𝑡∈𝑇𝑞∈𝑄𝑎∈𝐴𝑘∈𝐾𝑙∈𝐿𝑏∈𝐵𝑓∈𝐹𝑎
 
(D-31) 
 
